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Directed C h lo rina tion  in  Some Substitu ted Alkanes 
ABSTRACT
The work in  th is  thes is  inves tiga tes  the s e le c t iv ity  in  the 
d ire c tio n  o f a ttack in  the ch lo r in a tio n  o f a wide v a r ie ty  o f 
substitu ted  alkanes. The main c h lo r in a tin g  agent studied 
is  atomic c h lo r in e , although the s e le c t iv ity  o f some other 
hydrogen abs trac ting  ra d ica ls  receives a tte n tio n . Gas 
phase c h lo r in a tio n  is  s tud ied , but more a tte n tio n  is  given 
to  the e ffe c t o f so lvent systems on the reaction  s e le c t iv ity .
The c h lo r in a tio n  o f 1,1-d ich loroethane is  stud ied. The 
re la t iv e  Arrhenius parameters fo r  the gas phase reaction  
as well as fo r  the reaction  in  non-complexing and complexing 
liq u id  phase systems are determined. The reaction  s e le c t iv ity  
is  shown to  be a balance o f enthalpy and entropy e ffe c ts . The
s e le c t iv ity  in  a range o f so lvent systems is  inves tiga ted . ^
The novel use o f pe rflu o rin a te d  compounds as solvents is  
studied and s e le c t iv it ie s  are found to  be nearly  as high 
as those in  the gas phase.
E a r lie r  work on the d ire c t iv e  e ffe c ts  in  the c h lo rin a tio n  
o f 1 -su b s titu te d  butanes in  the gas phase is  extended to  
both non-complexing and complexing l iq u id  phase media.
The re s u lts  agree w ith  e a r l ie r  proposals th a t in  the l iq u id  
phase the induc tive  e ffe c t o f a substituen t in fluences the 
re a c t iv ity  o f the carbon centres much fu r th e r  along the 
alkane chain than in  the gas phase. They also ind ica te  
th a t in  complexing media the deactiva ting  e ffe c t o f the 
subs titue n t is  dim inished and higher s e le c t iv it ie s  are 
obtained.
The c h lo r in a tio n  and bromination o f 1-n itrobu tane  is  stud ied.
This is  one o f the few studies th a t have been made on the 
halogénation o f n itro a lka n e s . The e lec tron  withdrawing |
power o f the n it r o  group makes i t  the strongest deactiva ting  
group so fa r  observed.
For the f i r s t  time the d ire c t iv e  e ffe c t o f two substituen ts , 
one a t each end o f an alkane chain, is  stud ied. The c h lo r in a tio n  
o f 1,4 -d is u b s titu te d  butanes are inve s tiga te d . The re su lts  
go some way to  confirm  th a t the po lar inductive  e ffe c t o f 
a subs tituen t i s ,dim inished in  complexing media. They 
also confirm  th a t in  non-complexing media the e ffe c t o f 
the sub s titue n t is  f e l t  along the whole butane chain.
The gas phase re s u lts  in d ica te  th a t the p resen tly  held 
theory th a t in  gas phase c h lo r in a tio n  the sub s titue n t 
only a ffe c ts  the re a c t iv i ty  o f the two carbon centres adjacent ’ t
to  i t  may not now be w holly acceptable. |
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DIRECTED CHLORINATION IN SOME SUBSTITUTED ALKANES
General Introduction
The study o f free rad ica ls is  a branch o f chemistry which 
has grown ra p id ly  since the turn o f the century. U ntil 
f a i r ly  recently the chemistry o f one electron trans fe r 
reactions was regarded as a ra ther obscure top ic by 
organic chemists, th is  in  sp ite  o f the fa c t tha t in nature 
they may be more common than the fa m ilia r  reactions 
invo lv ing electron pa irs. One reason may be tha t i t  
is  only recently tha t techniques have been developed to  
fa c i l i ta te  the research in to  these sho rt-lived  species.
In 1900, Gomberg  ^ iso lated the triphenyl methyl ra d ica l. 
Although th is  is  a re la t iv e ly  long-lived  species, i t  does 
represent the discovery o f the f i r s t  genuine free ra d ica l. 
Later, in  1929, Paneth and Hofeditz^ demonstrated the 
existence o f methyl rad ica ls and determined th e ir  life t im e  
to  be 10”  ^ secs at 2mm pressure. This c lassic experiment 
involved breaking down tetramethyl lead to y ie ld  methyl 
rad ica ls .
Pb (CHj)^ -------- —------- > Pb + 4 CH3
These rad ica ls combine ra p id ly  to give ethane, but in a 
flow  system they w il l  react w ith a lead m irror downstream .
By varying the distance o f the lead m irro r from the te t ra ­
methyl lead upstream, the life t im e  o f the methyl rad ica ls  can 
be determined. A fte r th is ,  the whole f ie ld  o f gas phase
radical reactions was opened and an extensive amount o f work3 4was carried out. In 1937, Kharasch. , and Hey and Waters
independently proposed tha t the anti-Markovnikov addition o f
HBr in  the liq u id  phase occurs by a free radical mechanism,
and th is  led to the general acceptance o f the importance o f
radical reactions in  Organic Chemistry.
2Free-radical s react in  several d iffe re n t ways and th e ir  
reactions may be c la s s if ie d :-
Unimolecular Reactions
1) Radical Fragmentation
e.g. (CHg)] CO' ------------- ^  CH3 * + (,0 8 3 ) 2 0 0
2) Radical Rearrangement
e.g. 0 0 1 3 * 0 8  OHgBr------->'*001 g 0801 08gBr
3) Radical C yclisation0 -
Bimolecular Reactions:-
1) Combination
e.g. PhCHg + * 0 0 1 3  > PhOHgCClg
2 ) D isproportionation
E.G. 2 ( 0 8 3 ) 3 0 " ------------ ( 0 8 3 ) 3  + CHg = 0 ( 0 8 3 ) 3
3) Addition
e.g. OF' + O8 3 O8  = 08g ^OKgCH OH2 OF3
4) Abstraction (rad ica l tra ns fe r)
e.g. Br"+ OH3 O8 3  ----------^ CHgCHg"* 8 Br
In th is  work we are concerned with the gas and liq u id  
phase ch lo rina tion  o f organic substances by a free radical 
mechanism. Chlorination reactions are o f considerable 
s ign ificance and are incorporated in  several important 
processes in the chemical in d u s try .^  They are used in the 
manufacture o f many heavy organic chemicals as well as solvents 
and imtermediates fo r  p la s tic s . The free radical ch lo rina tion  
o f substituted alkanes. occurs. - by a chain process including 
the abstraction o f hydrogen. The abstracting species is  
usually the chlorine atom which is  generated by photolysis 
o f a chlorine molecule, but i t  may be a larger radical 
e.g. a t-butoxy radical generated by the photolysis o f 
a t-b u ty l hypochlorite. The overall reaction may be 
represented:-
may be represented:
RH + Clg  RCl + HCl
However, th is  is  a chain reaction which can be depicted:-
1. Cl 3  —  --------  ■> 201’ In it ia t io n
2. C l'+  RH ------------------ ^ R*+ HCl ) Chain
3. R*+ Clp ------------- > RCl + Cl" ) Propagation
5. R"+ c r
ko.
1 M -
?
_’ ^  KI+
Ksr ..
■ ■ -NKfo
Chain Termination
6 . R*+ R*    — ------ ^ R3
(In  Reaction 4 ., M is  a th ird  body which can be the 
wall o f a reaction vessel or a solvent)
The sequence is  in it ia te d  by the thermal or photochemical 
d issoc ia tion  of the ch lorine molecule (Reaction 1 .) .
The chain propagation steps involve two radical tra ns fe r 
reactions (Reactions 2. and 3 .) .  There are three 
possible term ination steps (Reactions 4 ., 5. and 6 . ) .
The chain lengths o f these reactions have been shown to 
be very long?’ ^indeed quantum y ie lds  o f up to 1 0  ^
have been recorded? Reaction 3. is  fas te r than Reaction 
2 ., so the most important term ination step is  Reaction 4. 
Reactions 5. and 6 . being unimportant. So, by assuming 
a 'steady s ta te ' approximation and neglecting Reactions 
5. and 6 . ,  the fo llow ing expression can be derived
_d (f) = 0 = kgfCTlCRH) - kgfRlCClg) (7)
S im ila rly , an expression can be derived fo r  the 'steady 
sta te ' concentration o f ch lorine atoms:-
d(Cl') = 0  = 2 0 1  - kp(Cr)(RH) f* K.(R‘)(Clp)"dt d  ^ 0  il
-I<42{CT)^{H)......... (8)
0  = the quantum y ie ld  o f ch lo rine  molecule d issocia tion 
la = the amount o f l ig h t  absorbed
From (7) and (8 ) : -  (CT)^ = 01a
O N )
Therefore: (CT) = (01a ) |  /Q\
( I^ M ) ) ..........................
As: Rate (2) = .....................(10)
S ubstitu ting (9) in to  (10):
Rate (2) = kg ( 0 ^ ^  )J (p^) i l l )
Equation (11) can be used to determine the absolute rate 
o f ch lo rina tion  although the determination of poses a 
few problems. But, i f  the absolute rate o f one ch lo rina tion  
reaction is  known, then the rate o f another can be found by 
reacting th 
reactions:-
0e two com petitive ly. I f  there are two competing
RH + Cl* ---------------» R*+ HCl_________ (12)
and R^ H + Cl* --------------- > R^* + HCl_____ ___(13)
we can w r ite :-
- = kTg(Cr)(RH)..........   il4)
and
- = k.|3 (Cl*)(Rfl ) ..................................(15)
Integrating equations (14) and (15) between the lim its  
i and f , i . e .  the in i t ia l  and f in a l concentrations, the 
fo llow ing is  obtained:-
k i 2  = In((RH)./(RH.)p.  (.15)
^  In ((R /H )./(R 'H )f)
In p ractice , i t  is  easier to measure product formation 
as opposed to the disappearance o f s ta rting  m ateria ls. 
I f  conversion is  kept low i.e .  (RH)^— (RH).  ^ then 
equation (16) can be transformed to : -
( 1 7 )
In many ch lo rina tion  reactions i t  is  o f great in te res t 
to fin d  out the re la tiv e  attack a t various s ites in a 
single molecule. In such a case:-
(RH)^./(R^H)^. = 1, and so (17) s im p lifie s  to :
k s ite  1 = (Product) s ite  1 ......................  (18)
k s ite  2 = (Product) s ite  2
Thus the re la tiv e  rates o f hydrogen abstraction can be 
found d ire c t ly  by measuring the amount o f products 
formed. Equations (17) and (18) are va lid  provided 
conversions are kept low (^ 1 0 %) and no d ich lorinated 
products are formed. I t  is  also very important tha t 
the a lky l ra d ica l, R, does not undergo any rearrangement 
reactions.
When considering the re la tiv e  rates o f attack at various 
s ites  in  a single molecule the resu lts  are usually 
expressed as Relative S e le c tiv it ie s . This term was 
introduced by Hass, McBee and Weber^^and is  defined 
as the re la tiv e  ra te o f abstraction per hydrogen atom
i.e .  i f  there are x hydrogens at position x in  the 
substituted alkane molecule and y hydrogen atoms at 
position y , then the re la tiv e  s e le c t iv ity  per hydrogen 
atom at y compared to x is  RS .^
Rs>: =
i f -  y
One of the main aims o f th is  work is  to investigate the 
s e le c tiv ity  in  the free radical ch lo rina tion  o f some 
substituted alkanes. The thermodynamics o f the hydrogen 
abstraction reaction has an important bearing on the 
s e le c tiv ity . The abstraction o f hydrogen by a free rad ica l 
can be represented:-
  can be represented
X ' + H-R
In i t ia l  State
(X--------------- H - - -
T ransition State
-R). ->X-H + R" 
Final State
As the radical X'approaches RH there is  increasing e lectron ic  
repulsion u n til there is  a tra n s itio n  state formed at the 
top o f a potentia l b a rr ie r . The reaction proceeds with, 
repulsion between HX and the new a lky l ra d ica l, R, and 
there is  consequently a lowering o f energy. There are 
three types o f reaction depending on the re la tiv e  strengths 
o f the bond d issocia tion energies o f R-H and H-X. The 
three cases can be represented d iagram atica lly using 
energy reaction co-ordinate diagrams.
1. Exothermic Reaction: D(H-X)> D(H-R)
Energy
tra ns ition  State
In i t ia l  State
AH
Final State
Reaction Co-ordinate
2. Thermoneutral Reaction D(H-X)— D(H-R)
Energy
Transition State
In i t ia l  State
Final State
Reaction Co-ordinate
3. Endothermie Reaction D(H-X) <  D(H-R)
Energy
Transition State
Final State
AH
In i t ia l  State
Reaction Co-ordinate
The atomic halogénation o f alkanes and substituted
alkanes provides examples o f a l l  three types o f reaction.
F luorina tion is  exothermic w h ils t bromination is
endothermie. Atomic ch lo rin a tio n , w ith which th is  work
is  concerned, is  e ffe c t iv e ly  a thermoneutral reaction.
1 1From known Bond d issocia tion  energies the fo llow ing 
series can be w r it te n :-
CH^  + Cl" --------------- > HCl + CH3 * -Ikca l mol"^
RCH3  + Cl"--------------- ^  HCl + RCHg A H  = -5kcal mol'^
RgCHg + C l' -------> HCl + RgCH* -9kcal mol"^
R3 CH + C l"---------------»HC1 + R3 C AH^.= -13kcal mol"^
The abstraction of hydrogen becomes increasingly exothermic
on changing from primary through to te r t ia ry  hydrogens.
The d iffe rence in enthalpy o f abstraction of primary to
te r t ia ry  hydrogens, AHp - is  about Skcal mol” \
The d iffe rence in ac tiva tio n  energies fo r  the same
- 1reactions has been shown to be about 0 .Skcal mol" .
The change in  enthalpy and ac tiva tion  energy fo r  a series
o f re lated reactions can sometimes be re la ted by the 17Evans-Polanyi equation :-
E =<CAH + C
Therefore in  the abstraction o f hydrogen atoms by atomic
c h l o r i n e h a s  a value o f about 0.1. This is  in terpreted
as meaning tha t the tra n s itio n  state has l i t t l e  C-H bond
breaking and resembles the reactants ra ther than the products
The f u l l  d ifferences in  the ground state bond d issocia tion
energies are not re flec ted  in  the tra n s itio n  state and
consequently the reaction is  not as se lective as might
have been predicted. This idea is  in agreement w ith the 
1 1Hammond p rin c ip le .
The s e le c tiv ity  o f free radica l ch lo rina tion  of hydrocarbons 
was ra tiona lised  by Hass, Mi 
several ch lo rina tion  ru les :
cBee and Weber^^and they proposed
1, Carbon skeleton rearrangements do not occur during 
photochemical or thermal ch io rina tions below pyro lysis 
temperatures, but every possible monochloride is  
always formed.
2. The hydrogen atoms are always substituted at rates
which, are in the order: primary <  secondary te r t ia ry .
3. At increasing temperatures, these re la tiv e  rates 
approach 1 : 1 : 1 .
4. Liquid phase ch lo rina tion  gives re la tive  rates comparable 
to  those obtained a t much higher temperature in  the
gas phase.
5. Moisture, carbon surfaces, and l ig h t  have no e ffe c t on 
these ra tio s .
The lower s e le c t iv ity  o f liq u id  phase ch lo rina tion  caused 
some debate fo r  many years. In fa c t ,  Russell^^made the 
assumption tha t rate constants in  gas and 'non complexing' 
solvent phase are the same. Walling^^proposed a m odification 
o f the Frank-Rabinovitch 'cage' hypothesis i .e .  a ch lorine 
atom w il l  be constrained by the surrounding solvent long 
enough to react even though more reactive s ites  are ava ilab le . 
Later, Walling and Mayahi^^put forward the idea tha t the 
reactants are solvated to an extent and th is  leads to 
a lowering o f th e ir  energy causing the reaction to 
change from being s lig h t ly  exothermic in  the gas phase to 
endothermie in  the liq u id  phase and consequently giving a 
change in  s e le c t iv ity .  This idea has the drawback tha t 
i t  would lead to increased s e le c t iv ity  in  the liq u id  
phase, and th is  is  contrary to  many observations.
0- _
Tedder showed tha t when ch lo rina ting  n-hexane the 
ac tiva tion  energy differences are greater in  the 
liq u id  phase, a fa c to r which would y ie ld  greater 
s e le c t iv ity  in the liq u id  phase. However, the pre- 
exponential fa c to r ra tio s  are much, less in the liq u id  
phase and taking both factors in to  account the se lec t­
iv i t y  in  the liq u id  phase is  much less than the gas 
phase. The s e le c t iv ity  o f a ch lo rina tion  reaction is  
governed by enthalpic and entropie e ffects  which: 
may even cancel each other out leading to no apparent 
change in s e le c t iv ity  in  gas and liq u id  phase.
I t  is  not a general ru le  tha t ch lo rina tion  o f alkanes. 
and substituted alkanes are less se lective in the liq u id  
phase. Walling^^ and Russel 1^^ independently observed 
tha t i f  aromatic solvents are used the s e le c tiv ity  is  
markedly increased. This is  a ttr ib u te d  to a mobile 
equilibrium  between the chlorine atom and a solvent 
complexed chlorine atom:-
Cl" + 0 Cl — h o
Russe l l p r oposed  tha t benzene and the chlorine atom
 ^ O fj P Ican form a TT complex. Such species have been established ’ 
in  more stable radical systems. Pulse ra d ic lys is  o f 
d ilu te  solutions o f a series o f aromatic hydrocarbons in  
carbon te trach lo ride  has allowed the observation of
trans ien t spectra ( t ^  1 0 "^sec) which have been assigned2to a charge tra ns fe r complex between the chlorine atom and
22the aromatic solvent . I t  is  proposed tha t the abstraction 
o f a primary hydrogen in  an aromatic solvent w i l l  proceed:-
RCHj ----------^  RCHg + HCl +
A h = ("-5 + C) kcal/mol
i 1
c is  the s ta b ilis in g  energy gained by forming the complex. 
This causes the abstraction o f primary, secondary and 
te r t ia ry  hydrogens to become increasing ly endothermie 
resu lting  in greater a c tiva tion  energies. Walling^^ 
represented the s itua tion  schem atica lly:-
Energy
pR + HCl
(Cl) + RH
tR + HCl
Reaction Co-ordinate
The differences in ac tiva tion  energy between primary, 
secondary and te r t ia ry  hydrogen abstraction reactions 
become greater in  the liq u id  phase when a complexing 
solvent is  present e.g. (Ep-EtigAs ^(Ep-Et)sOLV'
A ll solvents probably solvate the reactants but 'complexing' 
solvents have a much greater s ta b ilis in g  energy, C, 
which leads to la rger differences in  ac tiva tion  energy 
and hence to greater s e le c t iv ity .
I 2
The in troduction o f a substituent in to  a hydrocarbon chain 
has a tremendous e ffe c t on the d is tr ib u tio n  o f chlorinated 
products compared to the unsubstituted hydrocarbon in both 
gas and liq u id  phase reactions. In th is  work the e ffe c t 
o f substituent which do not encourage competition from polar 
reactions w il l  be considered e.g. carboxylic acids, acid 
ch lorides, esters and n i t r i le s .  Substituents such as 
ketone groups encourage c h l o r i n a t i o n t o  i t  because of 
polar addition o f end ic  forms.
When a free ra d ica l, Xl attacks the chain in a substituted 
alkane, two e ffec ts  which have a bearing on the re a c tiv ity  
a re :-
1. The strength o f the C-H bond being broken
2. The repulsive polar or inductive e ffe c t i .e .  the 
e le c tro s ta tic  repulsion between the in c ip ie n t products 
of the reaction caused by charge-charge and d ipo le- 
dipole repulsions e.g.
S“S+ s+ &- <— ^  ^ClgC H----------X CClgC-------- H— ””X
These repulsions have the e ffe c t o f increasing the ac tiva tion  
energy.
When the attacking species is  a chlorine atom, Cl* the 
tra n s itio n  state resembles the reactants more c lose ly than 
the products, and so the bond d issocia tion  energy plays l i t t l e  
part in  determining the re a c tiv ity .
The repulsive polar e ffe c t is  much more important, and when
the substituent is  electron withdrawing i t  leads to the
deactivation o f the carbon a t o m s a n d  3 to i t .  Singh.23and Tedder observed tha t in gas phase ch lo rina tion  
deactivation is  only s ig n if ic a n t at carbons<=< and^ to 
the substituent but in  the liq u id  phase the inductive 
e ffe c t is  present r ig h t along the carbon chain.
I 3
This has been a ttr ib u ted  to the solvent fa c i l i ta t in g  
charge separation in  the tra n s itio n  state.
Whereas the re a c t iv ity  o f the P  position  to a substituent 
is  con tro lled mainly by the repulsive polar e ffe c t the 
re a c tiv ity  o f t h e p o s i t i o n  has another e ffe c t to be 
considered. The s ta b i l i t y  o f t h e r a d i c a l  can be 
increased by means o f resonance s ta b il iz a t io n :-
• •• 0R CH X ^------------ > R CH - X
This can be shown in terms o f molecular o rb ita ls :-
®  ®  ® - - 6 )  .. R
X  R X —Ü
cT or trigona l radical TT  or planar radical
The re a c tiv ity  a t the position during the ch lo rina tion  
o f a substituted alkane is  a compromise between the 
ac tiva ting  resonance s ta b iliz a tio n  e ffe c t and the 
deactivating repulsive polar e ffe c t.
The aim o f th is  work is  to add more data to our knowledge 
o f s e le c t iv ity  in  free radical ch lo rina tion  o f substituted 
alkanes and p a rtic u la r ly  to investigate the e ffe c t o f 
solvents on s e le c tiv ity . The work is  divided in to  four 
parts. In Part Ï  a reasonably extensive investiga tion  
in to  the gas and liq u id  phase ch lo rina tion  o f 1 , 1 -dichloroethane 
is  carried out. This was done in conjunction w ith I .C . I .
Mond D ivision and the aim was to  investigate conditions 
when the reaction s e le c t iv ity  would be changed and explain 
why. Part I I  continues the work o f Tedder et al on the 
ch lo rina tion  o f substituted butanes. In p a rtic u la r, the 
work is  extended to  the liq u id  phase in both 'complexing' 
and 'non-complexing' solvents. Part I I I  extends the work 
s t i l l  fu rth e r by investiga ting  the photochlorination o f 
1,4 d isubstitu ted butanes and observing how the inductive 
e ffec ts  o f two substituents compete w ith one another. In 
Part IV the gas and liq u id  phase halogénation of 1-nitrobutane 
is  investigated.
PART ONE
The Photochlorination of 1,1-Dichloroethane
Part One
The Photochlorination o f 1,1-Dlchloroethane 
Introduction
This work was undertaken as a co-operative assignment w ith 
I . e . I .  Mond D ivision as part o f an S.R.C. Case Award.
The main reason fo r  studying the ch lo rina tion  of
1 . 1 -dichloroethane is  the commercial importance of the 
reaction. The two products are 1 ,1 ,1-trich loroethane 
and 1 ,1 ,2-trich lo roe thane. The valuable product is
1 . 1 . 1 -trich lo roe thane , i t  is  used p rim a rily  as an organic 
solvent and fo r  cleaning inetal surfaces In machines. I t  
is  ra p id ly  replacing other chlorinated solvents e.g. 
te trach loroethylene, because o f I ts  lower to x ic ity .
The other product, 1 ,1 ,2-trlch.loroethane has no real 
in d u s tria l app lica tions. The s e le c t iv ity  o f the reaction , 
and the factors which control I t ,  have important applications 
to the chemical industry.
Hydrogen abstraction from halogenated ethanes has beenprt pc pcstudied fo r  f lu o r in a tio n , ’ ch lo rina tio n  and bromination.
27M igita et al investigated the gas phase photochlorlnation 
of the range o f chloroethanes and determined th e ir  re la tiv e  
re a c tiv it ie s . By p lo ttin g  log (reactive re a c tiv ity )  o f 
the C-H bond versus Taf t ' s  substituent constants fo r  the 
series
CHgR, CHgClR, and CHClgR where R can be:- 
-CHg, -CHgCl, -CHClg or -CCl^, i t  was determined tha t 
the p r in c ip a l fa c to r governing re a c tiv it ie s  is  due to the 
inductive e ffe c t o f the substituents. There is  enhanced 
re a c tiv ity  o f thec< positions due to resonance s ta b iliz a tio n  
and th is  surpasses the deactivating inductive e ffe c t in 
the se rie s :-
H - CHgCClgiC H - CHCl CCI3  < H - CClgCClg
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28Martens et al measured the Arrhenius parameters fo r
the ch lo rina tion  o f the range o f chloroethanes in the
gas phase. This work was la te r  extended to liq u id
phase ch lo rina tion  in  complexing and non-complexing 29 30media. ’ They concluded tha t the change in s e le c tiv ity  
on passing from gas to liq u id  phase is  due mainly to the 
decreased ac tiva tion  energy fo r  primary and secondary 
hydrogen abstractions.
The aim o f th is  part of- the work is  to study the e ffe c t 
o f changing reaction conditions on the s e le c tiv ity  o f 
the ch lo rina tion  o f 1,1-dichloroethane. Some of 
Marten's work is  repeated esse n tia lly  to t ry  and obtain 
more accurate Arrhenius parameters, especia lly in  liq u id  
phase reactions. The e ffe c t o f various solvent systems 
is  investigated to find  out the e ffe c t, i f  any, o f solvent 
p o la r ity  and v isco s ity . The e ffe c t o f benzene and 
perdeuterobenzene as a solvent over a solvent/substrate 
concentration range is  studied. As well as using 
molecular ch lo rine , t-b u ty l hypochlorite and sulphuryl 
chloride are used as ch lo rina ting  agents. F in a lly  
the e ffe c t o f complexi.'ng solvents on the reaction of
1 , 1 , 2 -trich loroethane is  investigated.
Experimental
M aterials
The chlorine used in  the experiments in  the liq u id  phase was 
obtained d ire c t ly  from a cy linde r supplied by B rit is h  
Oxygen Co. In the gas phase i t  was p u rifie d  by trap 
to trap d is t i l la t io n  before being stored in  a large 
storage bulb. The 1,1-dichloroethane (B.D.H.) was 
.p u rified  by d is t i l la t io n  on a Buchii spinning band column 
and the p u rity  checked by gas-liqu id  chromatography.
Samples o f e ssen tia lly  100% p u rity  can be obtained by 
th is  method. S im ila rly  the 1 ,1 ,2-trich loroethane 
(Ralph H. Emanuel) was p u rifie d  on a spinning band column.
A ll the solvents were used as supplied by the manufacturer. 
The sulphuryl ch loride (Hopkins and Williams) was used as 
supplied and the t-b u ty l hypochlorite was synthesised as 
follows
Preparation o f t-b u ty l hypochlorite
The t-b u ty l hypochlorite was prepared by the method described 31by Stoddart. Into an excess o f sodium hypochlorite solu tion 
at below 0 ^ 0  t-butanol was added, and the reaction mixture 
constantly s tir re d . A fte r about an hour, the t-b u ty l 
hypochlorite separated out as a yellow o i ly  liq u id .
tBuOH + NaOCl ---------> tBuOCl + NaOH
The yellow o i l  was separated o f f  and passed down a column 
containing sodium hydroxide p e lle ts . This was to remove 
any chlorine which might be present and a ffe c t the resu lts  
o f the s e le c tiv ity  o f t-b u ty l hypochlorite. I t  was then 
dried w ith calcium ch lo ride  and stored in  the dark in  a 
darkened b o ttle . The p u rity  was checked by g . l . c .  analysis 
and only traces o f im purity were present.
R epurifica tion was not necessary provided i t  was used 
w ith in  2 - 3  weeks.
I /
Apparatus and Procedure
Gas Phase Reactions: The experiments in the gas phase
were carried out in  a s ta t ic  system on the vacuum lin e  
il lu s tra te d  in  F ig . l .  The lin e  consisted of two 
manifolds, pressure being measured by both a mercury 
manometer and a ca lib ra ted gas sp ira l gauge. The 
reaction vessel, C, the product co lle c tio n  tube, D, 
and the s ta rting  material container, E, were a ll attached 
to the bottom manifold. To the top manifold was 
attached the chlorine storage bulb as well as two 
bulbs o f known volume, A and B. The volume o f the 
system was ca libra ted by allowing a ir  in to  the lin e  from 
a vessel o f known volume and pressure. From the change 
in  pressure as the a ir  entered the various sections o f 
the lin e  the volume o f these sections could be calculated 
from the gas laws. A ll the taps on the lin e  were the 
Jencons grease!ess va r ie ty  and consequently did not need 
to be degassed.
The vacuum was maintained by a mercury d iffu s io n  
pump backed by a ro ta ry  o i l  pump. To avoid the chlorine 
reacting with the mercury in  the manometer i t s  pressure 
was measured on the glass sp ira l gauge.
Reaction conditions were arranged so tha t there were ten
parts 1,1-dichloroethane to one part ch lo rine. The
bottom manifold was sealed and the reaction vessel le f t
open. The s ta rtin g  m ateria l was allowed to d iffuse
in to  the manifold and reaction vessel from E u n t i l  there
was a pressure o f 100mm Hg and tap E closed. The
reaction vessel was then sealed and the excess 1 , 1 -dichloroethane
in the manifold condensed back in to  E. The reactant in
the reaction vessel was then condensed down using a Dewar
fla sk  containing liq u id  nitrogen.
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S im ila rly , the top manifold was sealed then bulb A opened. 
Chlorine d iffused in to  the manifold a fte r i t s  storage 
bulb was opened and the pressure, monitored on the 
ca libra ted gas sp ira l gauge, was allowed to reach 1 0 mm 
before the storage bulb was closed again. Bulb A 
was then sealed o f f  and the excess chlorine condensed 
back in to  the storage bulb. Once the excess reactants 
had been condensed back in to  th e ir  storage vessels and 
resealed the top and bottom manifolds were opened up and 
the chlorine in A d is t i l le d  through to the reaction 
vessel C. The reaction vessel was then resealed as soon 
as a ll the chlorine had d is t i l le d  through., about ten 
minutes.being allowed fo r  th is .
Meantime, an oven w ith a s lid in g  shutter attachment had 
been heated up to the required temperature. The reaction 
vessel was then immersed in the oven and the system kept 
in  the dark u n t i l ,  a fte r  about f i f te e n  minutes, thermal 
equilibrium  was reached. The shutter was then opened 
exposing the vessel to the rad ia tion  from a 150W lamp. 
Depending on temperature, the vessel was irrad ia ted  from 
th i r t y  minutes to two hours. The reaction mixture ms 
then d is t i l le d  over in to  a co lle c tin g  tube, D, attached 
to the bottom manifold. At least half-an-hour was 
allowed fo r  the higher bo ilin g  products to condense.
At a l l  times, the vacuum in the lin e  was monitored by 
a high frequency tes la  c o il .
Liquid Phase Reactions: The reactions in liq u id  phase
were carried out in  round bottomed flasks o f known 
volume as il lu s tra te d  in  Figure 2. The vessel was 
always f i l le d  to the Brim w ith reactants in  order to 
minimise any p o s s ib il ity  o f gas phase reactions. A 
stopper w ith a long c a p illa ry  tube attached was put in  
the top o f the fla sk  to allow the HCl produced to escape. 
Again to minimise the p o s s ib il ity  o f gas phase reactions 
the c a p illa ry  tube and the top o f the fla sk  was blacked 
out. In the cases where a solvent was used, a known 
volume was saturated w ith ch lorine before a known volume 
o f 1,1-dichloroethane was added. The whole apparatus 
was then shaken to ensure adequate mixing.
2 0
/
FIGURE 2
21
FIGURE 3
gCQ
ÛCLU
Q
§
OO
s
tn0
1LU3Z
Z, JL
The reaction mixture was irra d ia te d  w ith l ig h t  from a 
150W lamp. The ir ra d ia t io n  time varied but the end 
of the reaction was noted when the mixture appeared 
colourless, ind ica ting  a ll the chlorine had reacted.
When the liq u id  phase reaction was studied over a 
temperature range, the apparatus il lu s tra te d  in  Figure 
3 was used. The temperature was kept constant by a 
thermostat in the water bath. In these reactions, 
the 1 , 1 -dichloroethane and solvent were mixed before­
hand thenthe fla sk  immersed in the bath fo r  f if te e n  
minutes to reach thermal equ ilib rium . The chlorine 
gas was then bubbled in to  the reaction flask  d ire c t ly  
from the cy linde r. The c a p illa ry  tube was replaced 
and the mixture irra d ia te d  w ith a 150W lamp u n til the 
reaction was complete.
For the reaction using sulphuryl chloride v is ib le  l ig h t  
was found to be in s u ff ic ie n t to break the S-Cl bond and 
so u lt ra v io le t  l ig h t  was used. The apparatus used is  
il lu s tra te d  in  Figure 4. U.V. l ig h t  was provided by a 
medium pressure mercury lamp and the heating e ffe c t was 
minimised by a cooling jacke t o f water. The reactants 
were mixed by means o f a magnetic s t i r r e r .  The temp­
erature o f the reactants was about room temperature, and 
the ir ra d ia tio n  time was two hours.
Analysis o f the Products
The reaction products o f both gas and liq u id  ph^se reactions, 
were analysed by gas liq u id  chromatography. The column 
was a 1 2 ' glass column packed w ith a 15% s ilicone  o il 
sta tionary phase on 100/120 mesh 'C e lite " . In jections 
were made using a 10ml Hamilton syringe. The oven 
temperature o f 1 2 0 ^ 0  was maintained by a the rm osta tica lly  
con tro lled oven.
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The detector was a G r i f f in  and George D6  gas density 
balance. This system is  an analogue o f the Wheatstone 
bridge; the two legs o f the balance being the analogues .. 
o f the resistances and a sensitive  anemometer being 
the analogue o f the ammeter. There were two flows 
o f c a rr ie r gas, one through the column and one as a 
reference. When the two flows were the same there 
was no flow  through the anemometer. When a sample 
was eluted from the column the difference in  densities 
o f the two gases caused the rate o f flow  through the 
anemometer to be proportional to the d ifference in 
densities. The am plified e le c tr ic a l response was 
recorded on a Honeywell Brown 1 m i l l iv o l t  recorder and 
a chromatogram was produced.
When a weight o f a sample o f molecular weight M 
passes through the density balance in a stream of 
c a rr ie r gas molecular weight m, then the measured 
peak area A on the chromatogram is  given by:~
%  = k A M
(M-m)
k is  a constant fo r  the instrument. Therefore the 
concentration of the sample is  given by:-
% = k A
W  (TFm)
So the re la tiv e  amounts o f products are d ire c tly
proportional to the peak areas, and the system does
not require c a lib ra tio n . The areas were measured using
a fixed arm planimeter.
Id e n tif ic a tio n  o f Products
In the ch lo rina tion  o f 1 ,1-dichloroethane there are only 
two products: 1 , 1 , 1 -trich loroethane and 1 , 1 , 2 -trich loroethane
Their id e n tity  was established by in je c tin g  authentic samples 
in to  the g . l .c .  machine and find ing  th e ir  re tention times.
Thus th e ir  position  in  the reaction mixture analysis was 
established.
l b
Analysis o f Results
Because the re la tiv e  amounts o f reaction products are 
determined d ire c t ly  from g . l .c ,  analysis, there is  a 
d ire c t measure o f the re la tiv e  rate constants fo r  the 
hydrogen abstraction reactions. We have established 
th a t:-
ksite 1 = (Product)^.^g i (18)
^site 2 (Product)site g
letThus /kp was determined along w ith the re la tiv e
*ts e le c tiv ity  RSp, i .e .  the re a c t iv ity  per hydrogen atom.
When the reaction was carried out over a temperature 
range, the data was processed to y ie ld  the Arrhenius 
parameters; i .e .  the d ifferences in  ac tiva tion  energy 
between the primary and te r t ia ry  hydrogen abstraction 
steps and the ra t io  o f the pre-exponential fac to rs .
From the Arrhenius equation:-
j h j  = -  (Et - Ep)
(kp ) (Ap ) RT
So a p lo t o f In (,*^t/kp) versus V t gives:
Slope Ep - E^
Intercept In (A. )
From which (E - E^) and ^ t/A  may be determined.

I .  o
Gas Phase Photochi on 'nation o f 1,1-Dichloroethane
G.L.C. column: 12' 15% S i l i cone O il on Celi
Oven Temperature 120°C
Reaction Temperature;: 23°C
CH3 ■ CHCl2
% D is tr ibu tio n 5.78 93.02
6.74 91.59
6.69 92.15
7.22 90.75
7.26 90.17
Mean: 6,74(-0 .60) 91.74(±0.89)
I I  = 13.72(^1.44); RS| = 41.1 5(±4.331
Reaction Temperature:: 30 - 32°C
% D is tr ib u tion CH3 CHCl 2
8.64 87.29
9.21 84.46
1 0.79 84.50
Mean: 9.55C-1 . 1 1 ) 85,41(±1.62)
I l  = 9.03(^1.14); Rs| = 27.10(^3.43) 
Reaction Temperature: 53 - 56°C
% D is tr ib u tio n  CH^    CHClg
9.15 90.85
11.10 88.90
Mean: 10 .12 ( il.3B ) 89.80(^1.32)
| | =  8.97(^1.36); Rs| = 26.91(^4.07)
L /
Reaction Temperature: 85 - 90^C
% D is tr ib u tio n  CH^ --------------  CHCl2
13.10 86.90
14.12 85.88
12.02 87.98
Mean: 13.08(^1.05) 86.92(^1.05)
k t = 6.68(^0.62); RS^  = 20.03(^1.86)Ip  P V ;
Reaction Temperature: 102 -  110°C
% D is tr ib u tio n  CHg--------------  CHCl3
13.06 86.94
12.12 87.88
15.14 84.86
Mean: 13.44(^1.55) 86.56(^1.55)
k t = 6.50(±0.83); RS^  = 19.51(^2.50)Ip P
Reaction Temperature: 126 - 136°C
t  D is tr ib u tio n  CHj  CHClo
15.64 84.36
14.87 85.13
16.01 83.99
Mean: 15.51(±0.58) 84.49(±0.58)
| |  = 5.45(±0.58); Rs| = 16.36(±0.74)
Reaction Temperature: 185 -  195°C
% D is tr ib u tio n  CH  CHClo
14.00 8 6 . 0 0
17.32 82.68
17.45 82.55
14.33 85.67
14.26 85.74
Mean: 15.47(±1.75) 84.53(±1.75)
k t = 5.52(±0.71); RS^  = 16.56(±2.13)Ip P
2 8
Reaction Temperature: 230 - 240^0
% D is tr ibu tion
Mean:
CH3  -
15.45
14.12
16.61
21.26
14.62
CHCl 2  
84.55 
85.88 
83.39 
78.74 
85.37
16.41(±2.87) 83.59[±2.87)
^  = 5.22(±0.94); RS^  = 15.67(±2.82)
Summarising these resu lts  in  order to obta in Arrhenius 
parameters:-
T°k lo V i k t/kp ln (k t/k p )
296 3.38 13.72 2.62
304 3.29 9.03 2 . 2 0
328 3.05 8.97 2.19
361 2.77 6 . 6 8 1.90
379 2.64 6.50 1.87
404 2.48 5.45 1.70
463 2.16 5.52 1.71
508 1.97 5.22 1.65
Plot o f ln (^^ /kp ) vs. V t g ives:-
Ep - Et 
In (At) 
(Sp)
= 1,194(±216) cal/mol
= 0.349(±0.299)
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Neat L iquid Phase Photochlorlnation o f 1,1-Dichloroethane
G.L.C. column: 12' 15% S ilicone O il on C elite
Oven Temperature 120^0
Reaction Temperature: 0.5°C
% D is tr ibu tion CH3  -------------• CHClg
25.21 74.79
26.04 73.95
23.38 76.62
23.80 76.20
Mean: 24.61(±1.23) 75.39(±1.23)
kt = 3.06 (+0.2)
w
RSp = 9.18 (+0.61)
Reaction Temperature: 3 - 5°C
% D is tr ibu tio n CH3  ------------- CHCl,
24.33 75.67
25.30 74.70
24.93 75.07
24.85 75.15
25.18 74.88
Mean: 24.92(±0.38) 75.08(±0.38)
k t = 3.01 (+0.06)
1^  - RSp = 9.04 (+0.18)
Reaction Temperature: 12 - 14°C
% D is tr ib u tio n CH3  -------------- CHCl2
25.64 74.36
26.92 73.08
25.28 74.72
26.67 73.33
Mean : 26.13(±0.79) 73.86(±0.79)
k t = 2.83 (+0.12) .RS* = 8 . 1^ P 48 (+0.35)
J u
Reaction Temperature: 19 - 21
% D is tr ib u tio n  CH^  -------------CHCl2
25.57 74.43
25.65 74.35
26.77 72.23
29.07 70.93
26.94 73.06
Mean: 26.80(^1.41 ). 73.20(^1.41)
k t _ 2.73 (+0.19) RS^  = 8.22 (+0.57)l(p -  P -
Reaction Temperature: 27°C
% D is tr ib u tio n  CH^  ------------- CHCl2
25.85 74.15
25.53 74.47
25.96 74.04
24.16 75.84
Mean: 25.38(.-0.83) 74.62(.-0.83)
k t _ 2.94 (+0.13) RS^  = 8.82 (+0.40)
Reaction Temperature: 33 C
% D is tr ib u tio n  CHj  CHCl»
26.50 73.40
26.68 73.32
25.87 74.13
27.01 72.99
27.91 . 72.09
Mean: 26.81(±0.74) 73.19(±0.74)
k t 2.73 (+0.10) RS* = 8.19 (+0.31)
Icp = -  P
Reaction Temperature: 37.5 - 38.5°C
% D is tr ib u tio n  CH^   CHClg
25.27 74.73
28.60 71.40
26.07 73.93
27.81 72.19
Mean : 26.94(-1.53) 73.06( -1.53)
kt ^ 2.71 (+0.21) RS* = 8.16 (+0.64)kp P
Reaction Temperature: 42°C
% D is tr ib u tio n  CHg---------------- CHClg
26.88 73.12
29.32 70.68
27.62 72.38
27.67 72.33
Mean_ 27.87(±1.03) 72.13(±1.03)
k t _ 2.59 (+0.13) RS^  = 7.76 (+0.39)Ifp ■ -  R “
Reaction Temperature: 48°C
% D is tr ib u tio n  CH^   CHCl»
33.33 66.67
32.05 67.95
31.59 68.41
28.95 71.05
28.30 . 71.40
Mean: 30.84(±2.14) 69.16(±2.14)
k t = 2.24 (+0.23) RS^  = 6.72 (+ 0.68)
T<p -  P -
3 2
Reaction Temperature: 53,5 - 54.5 C
% D is tr ibu tio n CH3  ~
29.86
31.17
30.93
31.72
29.71
CHCl 2  
70.14 
68.83 
69.07 
68.28 
70.29
Mean
= 2.26(±0.09)
30.68(±0.87) 69.32(±0.87)
RSp = 6.78(±0.28)
T(K) 1 0 ' / T ( k - b kt/kp ln (k t/k p )
273.5 3.66 3.06 1 . 1 2
277 3.61 3.01 1 . 1 0
286 3.49 2.83 1.04
293 3.41 2.73 1 . 0 0
300 3.33 2.94 1.08
306 3.27 2.73 1 . 0 0
311 3.22 2.71 0.99
315 3.17 2,59 0.95
321 3.12 2.24 0.81
327 3.06 2.26 0.82
P lot ln (^ty |(p ) l y j  g ives;
E - =910 (^177) cal mol
In  (At) = -0.534(± 0.297)
(M )
-1
L iquid Phase Photochlorlnation o f 1,1-Dichloroethane in Benzene
G.L.C. Column: 12' 15% S ilicone O il on C elite
Oven Temperature 120°C
(SOLVENT) = 3.79 
(SUBSTRATE)
Reaction Temperature: 0.5°C
% D is tr ib u tio n  CH^  ------------- CHCl2
8.58 91.42
8.39 91.61
9.48 90.52
6.85 93.15
10.70 89.30
Mean: 8.80(±1.42) 91.20(_±5.86)
kt = 10.61(±1.95) R$t = (±5.86)
P
Reaction Temperature: 11 - 13°C
% D is tr ib u tio n  CH^   CHCI2
7.69 92.31
10.11 89.89
8.48 91.52
12.78 87.22
Mean: 9.77(±2.25) 90.23(±2.25)
k t = 9.63(±2.27) RSp = 28.88(±6.80)
Reaction Temperature: 22.5 - 25.5°C
% D is tr ib u tio n  CHg-------------- CHCl2
8.44 91.56
13.79 86.21
8.64 91.36
8.72 91.28
13.45 86.55
Mean: 10.61(±2.75) 89.39(±2.75)
J  "T
kt = 8.68(±2.70) RS* = 26.04(±8.09)
Icp P
Reaction Temperature: 34°C
% D is tr ib u tio n  CH^  --------------CHCl2
10.29 89.71
10.74 89.26
10.18 89.82
12.05 87.95
12.20 87.80
Mean;; 11.09(±0,97) 88.91{±0
kt = 8.07(±0.78) 
kp
RSI = 24.21(^2.33)
Reaction Temperature:: 44°C
% D is tr ib u tio n CH3 --------- -CHCl 2
1 2 . 6 8 87.32
12.65 87.35
14.45 85.55
14.49 85.51
13.98 8 6 . 0 2
Mean:: 13.65(-0.92) 86.35(-0
k t = 6.35(±0.51) 
kp
RSJ = 19.06(^1.52)
Reaction Temperature:: 55°C
% D is tr ib u tio n CH3 - CHCl 2
15.76 84.24
14.96 85.04
16.07 83.93
15.06 84.94
18.24 81.76
Mean: 16.02(^1.33) 83 .98(-l,
k t = 5.28(±0.48) 
TTp
RSJ = 15.73(^1.45)
■J J
Summarising these resu lts  in  order to obta in Arrhenius 
parameters
T°k 10"^/T kt/kp ln (k t/k p )
273.5 3.66 10.61 2.36
285 3.51 9.63 2.26
297 3.37 8 . 6 8 2.16
307 3.26 8.07 2.09
317 3.16 6.35 1.85
328 3.05 5.28 1 . 6 6
Plot In (kV kp ) vs. V t g ives:
- E. = 2,220(±326) cal molP ^
- 1
In  (At) = -1.658(-0.548)
{W)
J o
Photochlorination of 1,1-Dichloroethane in Perdeuterobenzene 
and Benzene
G.L.C. Column: 12' 15% S ilicone O il on C e lite at 120°C
A ll reactions were carried out a t 20 C
Perdeuterobenzene
(SOLVENT) = 0.98 
(SUBSTRATE)
% D is tr ib u tio n  CH^ -------------- CHCl2
15.86 84.14
18.45 81.55
17.36 82.64
13.67 86.33
Mean: 16.34(±2.07) 83.66(±2.07)
k t = 5.20(±0.83) R$k = 15.60(±2.48)
1<p P
(SOLVENT) = 2.07
(SUBSTRATE)
% D is tr ib u tio n  CH^ -------------- CHCl2
13.73 86.27
13,18 86.82
15.07 84.93
15.44 . . 84.56
Mean: 14.36(±1.07) 85.64(±1.07)
k t = 6 .00(±0.53) R$t = 17.99(±1.58)
tp  P
J 1
(SOLVENT) = 3.53 
(SUBSTRATE)
% D is tr ib u tio n  CH^  -------------- CHClp
12.64 87.36
14.04 85.96
11.86 88.14
12.27 87.73 '
13.84 86.16
Mean: 12.93(±0.96) 87.07(±0.96)
k t = 6.77(-0.57) RSp = 20.30(±1.72B
(SOLVENT) = 6.11 
(SUBSTRATE)
% D is tr ib u tio n  CH^---------------- CHClo
12.16 87.84
13.87 86.13
Mean: 13.02(±1.21) 86.98(±1.21)
k t = 6.71(±0.72) RS* = 20.15(±2.15) 17^  P
(SOLVENT) = 14.10 
(SUBSTRATE)
% D is tr ib u tion CHg------- CHCl 2
9.91 90.09
9.39 90.61
1 2 . 1 0 87.90
10.33 89.67
1 0 . 8 8 89.12
10.51 89.49
Mean; 10.52(^0.93] 89.45(^0.93)
kt = 8.57(^0.81) RS^  = 25.70(^2.44)kp P • -
Benzene
38
(SOLVENT)
(SUBSTRATE)
= 0.91
kt = 
kp
4.69(:0.21)
(SOLVENT)
(SUBSTRATE)
= 1 . 1
kt = 6.85(:0.84)
kp
CH3 -----  CHClg
17.20 82.80
17.31 82.69
18.92 81.08
17.29 82.71
17.59 82.41
17.17 82.83
(SOLVENT)
(SUBSTRATE)
=
17.58( to .67) 82.42(to
RS^  = 14.08( -0.62)
CH3 -CHClg
11.38 88.62
13.13 86.87
13.99 8 6 . 0 1
12.83( t l.3 3 ) 87 .17(tl
RSp = 20.55(f 2.53)
CH3 -CHClg
12.97 87.03
13.17 86.83
1 2 . 8 6 87.14
11.75 88.25
kt
kp
12.69(:Q.64) 87.31( :0 .64)
t6.89(:0.42) RS" = 20.69(:1.25)
(SOLVENT) = 4.90 
(SUBSTRATE)
CH3  -------------- CHClg
12.03 87.97
13.44 86.56
12.79 87.21
12.75(i0.71) 87.25(^0.71)
k t = 6.85(±0.43) RS^  = 20.57(^1.31) 
tp  P
(SOLVENT) = 8.74 
(SUBSTRATE)
CH3 -------------  CHClg
12.94 87.06
10.98 89.02
11.98 8 8 . 0 2
13.55 86.45
12.36(^1.13) 87.64(^1.13)
kt = 7.14(^0.76) RSp = 21.42(^2.28)
k "t*For a p lo t o f /kp vs. (Solvent)/(Substrate) see Figure.
uL iquid Phase Photochlorination o f 1,1-Diehloroethane in 
Various Solvents
0A ll reactions were carr ied out a t 20 C.
Solvent: Acetyl Chloride
(SOLVENT)/(.SUBSTRATE). = 4.79
% D is tr ib u tio n
CH3 CHClg
31.58 68.42
34.96 65.05
32.89. 67.71
31.67 68.33
30.66 69.34
Mean: 32.23(±1.63) 67.77(±1.63)
k t = 2.11(±0.15) RS^  = 6.33(±0.45)
1^  P
Solvent: Methylene Chloride
(SOLVENT)/(SUBSTRATE) = 5.30
CH3  -------------- CKClg
% D is tr ib u tion  28.52 71.48
27.37 72.63
26.68 73.32
27.52(±0.93) 72.48(±0.93)
k t = 2.64(±0.12) RS^  = 7.91(±0.37)
kp P
T I
Solvent: Neat 1,1-Dichloroethane
CH3 ------------- CHClg
25.42 74.58
24.52 75.48
24.22 75.78
27.91 72.09
25.52(+1.67)74.48(+1.67)
| t  = 2.93(+0.25) RSp = 8.79(+0.74)
Solvent: T r if lu o ro a ce t ic  Add
(SOLVENT)/(SUBSTRATE) = 4.42
CH3 ------------- CHClg
25.07 74.93
23.00 77.00
21.65 78.35
24.81 75.19
26.09 73.91
24.12{+1.78)75.88(^1.78)
k t = 3.16(+0.32) RS^  = 9.49(+0.95)
Ip  P -
Solvent: A c e to n itr ile
(SOLVENT)/(SUBSTRATE) = 6.49
CH3 - - - - - - - - - - - - - - C H C lg
19.35 80.65
21.76 78.24
26.65 73.35
27.17 72.83
23.73(+3.80)76.27(+3.80)
k t = 3.30(+0.71) RSp = 9.90(+2.14)
kp
Solvent: 1 ,1 ,2 -T r ich lo ro~ l,2 ,2 -T r ifluo roe thane
(SOLVENT)/(SUBSTRATE) = 2.83
CH3 --------------CHClg
20.61 79.39
21.40 78.60
20.88 79.12
19.80 80.20
20.67(+0.67)79.33(+0.67)
k t = 3.84(+0.16) RS* = 11.52(+0.47)Ip  P -
Solvent: Chlorobenzene
(SOLVENT)/(SUBSTRATE) = 3 . 3 4
C H 3 - - - - - - - - - - - - - - C H C lg
16.24 83.76
14.02 85.98
14.11 85.89
15.14 84.86
14.88(+1.04)85.12(+1.04) 
k t = 5.76(+0.46) RS^  = 17.241+1.38)
k? “  P -
Solvent: CarBen Di:suTpB:1t!e
(SOLVENT)/(SUBSTRATE) = 5 . 6 1
CH3 ----- CHClg
5.28 94.72
5.55 94.45
6 . 8 8 93.12
6.97 93.03
6.70 93.30
6.16 93.84
6.26(+0.72) 93.74(+0.72)
k t = 15.17(+0.72) RS^  = 45.501+5.79) 
Ip  -  P -
4  j
Solvent: Perfluorohexane
(SOLVENT)/(SUBSTRATE)= 6.00
CH3  — —  CHClg
17.90 82.10
17.59 87.41
14.63 85.37
15.06 84.94
15.72 84.78
16.18(+1.48)83.83(+1.48)
k t = 5.22(+0.56) RS^  = 15.67(+1.69)Ip  P
Solvent: Perf1u o ro tr ibu ty l ami ne
(SOLVENT)/(SUBSTRATE) = 8.07
CH3  — CHClg
8.14 91.86
9.47 90.53
9.50 90.50
10.47 89.53
8.45 91.55
9.21(+0.93)90.79(+0.93)
k t = 9.95(+1.10) RS? = 29.85(+3.30) Ip  P -
Solvent: Perfluoro-N-Methyl Morpholine
(SOLVENT)/(SUBSTRATE) = 4.48
CH3 ------------- CHClg
12.71 87.29
12.90 87.10
12.97 87.03
13.50 86.50
13.02(+0.34)86.98(+0.34)
k t = 6.68(+0.20) RS^  = 20.05(+0.59)
kp P
4 4
•5^ 3 Ç^3
Solvent; Perfluoro - 3,4-Dimethyl hexane CF^CFmCF-CF-CFnCF,
(SOLVENT)/(SUBSTRATE) = 8.55
C H 3 -- - - - - - - - - - - - - C H C lg
% D is tr ib u tion  12.73 87.27
14.17 85.83
15.29 84.71
14.44 85.56
Mean: 14.16(+1.06)85.84(+l.06)
k t = 6.09(+0.55) RSn = 18.28(+1.66)Ip  -  p -
Solvent: CF3
CF.CF.-C— CF—CF_3 Z/ \  3
(SOLVENT)/(SUBSTRATE) = 7.57
C H 3:- - - - - - - - - - - - - - C H C lg
% D is tr ibu tio n  18.47 81.53
15.85 84.15
15.22 84.78
19.35 80.65
Mean: 17.22(+2.00)82.78(+2.00)
ja  = 4.87(+0.68) RS^  = 14.60(+2.04)
kp P
L iquid Phase Photochlorlnation o f 1J-D ichloroethane Using 
t-B u ty l Hypochlorite a t 20^C
Solvent: 1 ,1 ,2 -T r ich lo ro -l,2 ,2 -T r iflu o ro e tha n e
(SOLVENT)/(SUBSTRATE) = 2.83
CH3   CHClg
% D is tr ibu tion  7.44 92.56
11.23 88.77
7.92 92.08
9.52 90.48
Mean: 9.03(+l.71)90.97(+1.71)
k t = 10.37(+2.06) RS^  = 31.11(+6.17)Ip P -
L iquid Phase Photochlorination o f 1,1-Dichloroethane Using 
Sulphury! Chloride
(CHgCHClgj/fSOgClg) = 4.78
Temperature: 20°C
CH3 -------------CHClg
% D is tr ibu tio n  18.29 81.71
18.14 81.86
19.11 80.89
16.12 83.88
Mean: 17.92(+1.27)82.08(+l .27)
k t = 4.60(+0.42) RS^  = 13.81(+1.25) Ip  P -
4 6
L iquid Phase Photochlorination of 1,1,2-Tr ichloroethane
In a l l  cases the reaction was carr ied out at 20°C and the 
products analysed using a 7' g . l . c .  column packed w ith 
20% Silicone Oil on C e l i te at a temperature of 130°C.
Solvent: Neat 1,1,2-Trichloroethane
CHgCl --------  CHClg
% D istr ibu tion  49.92 50.08
49.88 50.12
49.85 50.15
49.49 50.51
Mean: 49.79(+0.20)50.21(+0.20)
k t = 1 . 0 1 (+0 . 0 1 )
Solvent: Carbon Tetrachlor ide
(SOLVENT)/(SUBSTRATE) = 3.84
CHgCl --------  CHClg
% D istr ibu tion  44.60 49.56
43.80 50.53
43.80 51.12
44.01 50.94
Mean; 44.05(+0.38)50.54(+o.70)
Içt = 1.15(+0.02) 
kg
Small amounts of penta-chloroethane are always formed in the 
above react ion. These may ar ise from the ch lor ination o f 
e i ther CHClg - CHCl? or CH^lCClg.
4 7
Solvent: Benzene
(SOLVENT)/(SUBSTRATE) = 4.17
CHgCl  - - - - - - - - - - - - - - C H C lg
% D is tr ibu tion  12.53 87.47
13.01 86.99
13.71 86.29
12.47 87.53
9.82 90.18
Mean: 12.31(+1.48) 87.69(+1.48)
kt = 7-23(+1.13)
Discussion
The Arrhenius Parameters obtained by a least square 
treatment of the re la t iv e  rate data are summarised in 
Table 1.
Table 1 - Arrhenius Parameters fo r  Chlor ination of 
1,1-Diehloroethane
-1 At /Ap kt/kp a t 30°C
GAS 1,194(+216) 1.42(+0.43) 10.30
LIQUID 910(+177) Q.59(+0.18) 2.67
BENZENE 2,220(+326) 0.19(+0.13) 7.56
The ra t io  of the rate constants, and in turn the s e le c t iv i ty ,  
can be expressed:-
M  = M  exp((E -E )) kp Ap (— P— 1-)
( RT )
Therefore, the s e le c t iv i ty  o f the reaction is determined 
by two factors
1. The d ifference in ac tiva tion  energies o f the primary 
and te r t ia r y  hydrogen abstract ion react ions, Ep-Et.
2. The ra t io  o f the pre-exponential factors , At/Ap.
As expected, the s e le c t iv i ty  in the gas phase a t a
p a rt icu la r  temperature is greater than that in the
l iq u id  phase a t the same temperature. Contrary to 32Marten's observations, Table 1 shows that w ith in  
experimental e rror the d ifference in  activa tion  energy 
is  very s im ila r  in both the gas and neat l iq u id  phase 
react ions.
4 9
The higher s e le c t iv i ty  in the gas phase is almost e n t ire ly
due to a larger ra t io  o f pre-exponential factors compared to
the l iq u id  phase. Thus an entropy e f fe c t  accounts fo r
the lower s e le c t iv i ty  of the l iq u id  phase react ion. I t  is
highly probable tha t in  the l iq u id  phase the tra n s i t io n  state
is  solvated to some extent, decreasing the entropy of the
system compared to the gas phase. These results para lle l 17those o f Tedder when he determined that the change in 
s e le c t iv i ty  in the gas and l iq u id  phase ch lor ination of 
n-hexane is due to a balancing o f entrop ie and enthalp ic 
fa c to rs .
Table 1 also shows that benzene, a 'complexing' solvent,
subs tan t ia l ly  increases the s e le c t iv i ty  o f the l iq u id
phase react ion. Again the ra t io  o f the rate constants
is  a balance o f entrop ie and enthalp ic facto rs. In
benzene, the reaction has a much greater d ifference in
activa tion  energy between the two abstract ion steps.
This can be explained by Russell's^^theory that the
reactants are s tab i l ized by the formation of a TT
complex between the benzene and the chlor ine atom. The
abstract ion of the primary hydrogen could well become
endothermie leaving the abstract ion of the te r t ia r y  hydrogen
29as energet ica lly  more favourable. In Marten's work 
on the ch lor ination of 1 , 1 -dichloroethane in 'complexing' 
solvents ( in  th is  case i t  was CSg) he arr ived at a value 
Ep-E^ = 1 0 0 Q+2 0 0 )cal mol  ^ which is in contrad iction 
to the value in Table 1. He a ttr ibu ted  the increased 
s e le c t iv i ty  to be mainly due to entrop ie e ffects . The 
results here suggest qu ite the contrary, in fa c t  the ra t io  
o f the pre exponential factors are much lower than the ra t io  
in the neat l iq u id  phase react ion. Therefore, the s e le c t iv i ty  
is not as high as would be expected from energetic considerations 
alone and the entrop ie fac tor pa rt ly  decreases the increased 
s e le c t iv i ty .  In benzene the tra n s i t io n  state is probably 
even more solvated than in the neat l iq u id  phase reaction 
causing a decrease in the entropy o f the system.
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Figure 5 shows the temperature dependence o f the 
photochlor ination o f 1 , 1 -dichloroethane in the gas, 
l iq u id  and complexing solvent phases. I t  also shows 
the p lo t o f Martens data fo r  the gas and l iq u id  phases. 
In fa c t ,  both sets o f results do not vary that much 
considering the margins o f error using th is  technique.
A s l ig h t  change in the slope o f the graph w i l l  lead to 
a large change in the in tercept and hence to qu ite 
d i f fe re n t  values o f the pre-exponential facto rs.
Figure 6  shows the change in s e le c t iv i ty  obtained 
by ch lor inating 1 , l-d ichioroethane over a (so lvent)/ 
(substrate) range in benzene and perdeuterobenzene. 
Within experimental e rror the results in the two 
solvents overlap. Following RusselIs^^'^^ theory 
that the abstract ing rad icals are TT charge transfer 
complexes o f the aromatic solvent and the chlor ine 
atom they may be dep icted i-
D
D
%
I t  was antic ipated that the s ta b i l iz a t io n  energy gained 
in I and I I  would be s u f f ic ie n t ly  d i f fe re n t  to cause a 
change in the s e le c t iv i ty  o f the react ion. The s ta b i l i t y  
gained must be d ire c t ly  proportional to the strength of 
the charge transfer bond between the chlor ine and the 
aromatic nucleus. There is  no doubt a difference in 
the bond strength between structures I and I I ,  but any 
d ifference in reaction s e le c t iv i ty  caused by i t  is  too small 
to be detected by the method used. However, f igu re  6  does 
show tha t the s e le c t iv i ty  in a complexing solvent r ises 
w ith increas ing solvent concentration to a more or less 
constant value.
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This is  the resu lt tha t would be expected i f  there is  an 
equ i l ibr ium between the solvent and the reactants. Once 
the concentration of solvent has reached a certa in  level 
the equ i l ib r ium w i l l  be to ta l ly  on the side o f the solvated 
rad ical and no increase in  the s e le c t iv i ty  o f the reaction 
can be expected.
Table 2 shows the s e le c t iv i ty  o f the reaction at room 
temperature in a wide var iety  of solvent systems. There 
was found to be no real corre la t ion  between the s e le c t iv i ty  
and solvent v iscos ity  or p o la r i ty .  Within the range of 
experimental e rror the s e le c t iv i ty  does not change too 
much in the a l ip h a t ic  solvents used. However, acetyl 
chlor ide does seem to cause a s l ig h t ,  but noticable, 
decrease in s e le c t iv i ty .  An explanation could be that 
there is  a solvation e ffe c t in the tra ns i t ion  state which 
affects the entropy and hence a lte rs  the ra t ios  of the 
pre-exponential fac to r  g iv ing decreased s e le c t iv i ty .  This
can perhaps be fu r the r elaborated by considering the 
p o s s ib i l i ty  of the fo llow ing reaction occuring:
O CLI
CL
CL
CL l l L
CL
CL 
CL
CH^C” OH  > CH +  H CLD I 5 \
CL
o
CLCL
The rad ical I I I ,  is  the species doing the hydrogen abstract ing.
Table 2 - S e le c t iv i ty  fo r  Chlor ination o f 1,1-Dichloroethane 
In Various Sol vents ob 20°c
Solvent (SOLVENT)
(1,1-DICHLOROETHANE)
-  RS^  P
Acetyl Chloride 4.79 6.33
Methylene Chloride 5.30 7.91
None --- 8.79
Tr i fluoroacett'c Act'd 4.42 9.49
A ce to n i tr i le 6.49 9.90
1.1.2-Tr ich lo ro -
1.2.2-Tr if luoroethane 2.83 11.52
Chlorobenzene 3.34 17.24
Benzene 5.00 21.75
Carbon Disulphide 5.61 45.50
Perfluorohexane 6 . 0 0 15.67
Perf1uoro tr i  butyl ami ne 8.07 29.85
Perfluoro N methyl 
morpholine 4.48 20.05
Perfluoro-3,4 
Dimethyl hexane 8.56 18.28
CF.
CF.CF,C-=-CFCFqj  y  j j
CF.CF CFCF.
3 N q^- ^
7.57 14.60
* From extrapolat ion
55  :
In abstract ing the hydrogen atom on carbon 1 in 1,1-
dichloroethane there is  a p o s s ib i l i ty  o f s te r ic  hindrance
which would become apparent through a decrease in the PZ
fac to r. Attack on the hydrogens at carbon 2 would be
fas te r and an overall decrease in s e le c t iv i ty  would occur.
S im ilar e ffects have been reported fo r  t-butoxy rad icals S3in acet ic ac id.
The 'complexing' solvents used: benzene, chlorobenzene
and carbon d isulph ide a l l  give increased s e le c t iv i ty  
w ith carbon d isulph ide being the most select ive solvent. 
The abstract ing species must be:-
r  S  ^
Results already discussed ind icate tha t in these complexing 
systems the increased s e le c t iv i ty  is  a mainly energetic 
e f fe c t .  The energy gained from forming the complexed 
rad icals causes a much greater d ifference in act iva t ion 
energy between the primary and te r t ia r y  hydrogen abstract ion 
steps. In a l l  cases there is  probably a lowering of 
entropy, due to so lvat ion, which tends to decrease s e le c t iv i ty  
pa rt ly  counter-balancing the overall increase in s e le c t iv i ty .
The use o f perfluor ina ted solvents y ie lds very in te rest ing  
resu lts . Without exception they a l l  give greater s e le c t iv i ty  
than the neat l iq u id  phase react ion, some more so than 
others. The th inking behind using perfluorina ted solvents 
was to introduce an in e r t  solvent which would break up any 
solvat ion in the reactants and give 'gas phase' cond itions 
in the l iq u id  phase. To some extent th is  reasoning has been 
ju s t i f ie d  and some o f the s e le c t iv i t ie s  shown in table 2  are 
approaching those that would be ant ic ipa ted in the gas phase 
at room temperature.
Table 3 shows the change in s e le c t iv i ty  obtained in the l iq u id  
phase when other rad icals are used fo r  the abstract ion of 
hydrogen.
Table 3 - S e le c t iv i ty  of Chlor ina t ion o f 1,1-Dichloroethane 
In L iquid Phase Using Cl* SOgCl* (CH j^gCO*
RADICAL SOURCE RSJ
Cl ' Cl 2 8.79
SOgCl" SOgClg 13.81
Bu^ O * Bu^OCl 31.11
Sulphuryl chlor ide is  a useful chlor ina t ing agent and the 
free rad ical process is  in i t ia te d  using u l t ra  v io le t  l ig h t .  
The chain propagation reactions are:-
SOgCl + RH 
R' + SOgClg
R + HCl + SO,
RCl + SOgCl
Table 3 shows that when i t  is  used to chlor ina te 1,1-dichloroethane
i t  does s l ig h t ly  increase the s e le c t iv i ty .  There is not a
dramatic increase in s e le c t iv i ty  because i t  has been shown33tha t there is an equilibrium.
SOgCl SOg + Cl
Consequently much o f the reaction can take place w ith the 
chlor ine atom rather than the chlorosulphonyl rad ica l. The 
s e le c t iv i ty  w i l l  be determined by the pos it ion of the 
equ i l ibrium. The reason fo r  the increased s e le c t iv i ty  can 
again be thought o f in terms o f Russel l ' complex 
theory. Here the chlor ine atom is solvated by sulphur 
d ioxide and the reactants w i l l  be s tab i l ised  energet ically 
making the te r t ia ry  abs tract ion step more favourable.
34This explanation is favoured because Russell observed that 
the s e le c t iv i t ie s  o f ch lo r ina t ion  in benzene by molecular 
chlor ine and sulphuryl chlor ide are ide n t ica l.  Here the 
chlor ine atom can be solvated by benzene or sulphur dioxide 
but at increas ing benzene concentration the reaction w i l l  
proceed almost e n t i re ly  in the benzene solvated rad ica l.
t-Butyl hypochlor ite is another useful ch lor ina t ing agent.
I t  is easily  s p l i t  by photolys is in to  a t-butoxy rad ical and 
a chlor ine atom. The chain propogation reactions are:-
Bu^o" + RH R" + Bu^ OH 
R" + Bu^OCWRCl + Bu’^ O*
Table 3 shows tha t when t-butoxy rad icals abstract the 
hydrogen atoms during the ch lo r ina t ion  o f 1 , 1 -d ichloroethane 
a much higher s e le c t iv i ty  ensues. The abstract ion o f hydrogen 
by Cl* and tBuO* from a subst ituted alkane are both equally 
exothermic. The act iva t ion  energies are higher when Bu^O"
1 nrad icals are used i . e .  the value o f ^ i n  the Evans-Polanyi 
re la t ion  is  much higher than the 0 . 1  determined fo r  chlor ine 
atoms. Therefore there is  more bond breaking in the 
tra n s i t io n  s tate and the strength o f the C-H bonds are much 
more important. The greater s e le c t iv i t y  in the ch lor ina t ion 
of 1 , 1 -d ichloroethane by t-bu ty l hypochlor ite must be a 
re f le c t io n  o f d i f fe r in g  bond strength more than the de­
act iva t ion  o f the 2  pos it ion due to the repuls ive polar 
e f fe c t and the act iva t ion  o f the 1 pos it ion because of 
resonance s ta b i l iz a t io n .
The results fo r  the l iq u id  phase chlor ina t ion of 1,1,2- 
tr ich ioroe thane are shown in Table 4.
Table 4 - Liquid Phase Photochlorination of 1,1,2-Trichloroethane
SOLVENT k1 / k 2 RSg
NONE 1 . 0 1 2 . 0 2
CARBON TETRACHLORIDE 1.15 2.30
BENZENE 7.23 14.46
F i r s t ly  considering the s itua t ion  in non complexing media 
there seems to be almost equal attack at pos itions 1 & 2 . 
This can be compared to the attack in  1,1-d ichloroethane.
CHClgCHg CHClgCHgCl
k l/k2 2.7 1.0 1.1 1.0
I t  can be seen that the in troduct ion of a chlor ine subs t ituent 
at pos it ion 2  causes a lowering o f the reaction s e le c t iv i ty .
This is because resonance s ta b i l iz a t io n  o f the rad ical can 
now take place at pos it ion 2  as well as posit ion 1 , thus 
increas ing the re a c t iv i ty  of pos it ion 2. In terms of 
repuls ive polar e f fe c t,  in 1, 1 -d ichloroethane - CHClg 
deactivates pos it ion 2  much more than - CH^  deactivates 
pos it ion 1 so a reasonable d ifference in re a c t iv i ty  can 
be expected. In 1 , 1 , 2 -tr ichloroethane - CHClg deactivates 
pos it ion 2  only s l ig h t ly  more than - CHgCl deactivates 
pos it ion 1. When these two opposing effects take e ffec t 
pos it ion 2  in 1 , 1 , 2 -tr ichloroethane becomes re la t iv e ly  
more react ive and so ^^/k 2 ^^1 .
In 'complexing' solvent however, there is  a great deal o f 
attack at pos it ion 1 in 1 ,1 ,2-tr ichloroethane. Comparing 
the re a c t iv i t ie s  with those o f 1 , 1 -d ichloroethane in benzene 
we have;-
CHClg CH3  CHClg CHgCl
kl/k2 7.25 1.00 7.23 1.00
In e ffec t the re a c t iv i t ie s  o f the 1 pos it ions compared to 
the 2 pos it ions are very much the same. In 1,1,2-tr ichloroethane 
the in troduct ion o f a chlor ine subs t ituent at pos it ion 2  
would be expected to deactivate pos it ion 1 and lower i t s  
re la t ive  re a c t iv i ty .  The probably explanation o f these 
results l ie s  in the energetics of the reactions. In non- 
complexing media the increased re a c t iv i ty  o f pos it ion 2  must 
be due to a small act iva t ion  energy d ifference g iving lower 
s e le c t iv i ty .  When the two ch lor ina t ion reactions are done in 
benzene there must be such a re la t iv e ly  large energetic 
s ta b i l iza t io n  o f the reactants tha t the d ifferences in 
act iva t ion  energies are very much increased in both cases.
The d ifference is so large compared to the small change ........
  going from CHC1 2 CH2  to CHClgCHgCI that both reactions
have s im ila r s e le c t iv i ty .  This can best be shown 
d iagrama t ically:-
FIGURE 7 Chlor ina t ion o f 1,1-Dichloroethane
Energy A e
Reaction Co-ordinate
FIGURE 8 Ch lor ination o f 1,1,2-Trich loroethane
Energy
K .C .
L e
GUgCLCCL
Reaction Co-ordinate
The diagrams show tha t fo r  non-complexing media:-
^N.C^l ,1-Dichloroethane ^  ,1 ,2-Trich loroethane
Therefore there is  more s e le c t iv i ty  in the ch lor ination 
o f 1 , 1 -dich loroethane.
However, in complexing media:-
 ^ ch  ,1-Dichloroethane ~  ,1 ,2-Trich loroethane
and consequently the s e le c t iv i t ie s  o f the two reactions 
are very s im i la r .
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'The Ch lor ination o f 1-Substituted Butanes'
INTRODUCTION
The d irec t ive  effects  in the atomic ch lo r ination of 
substituted butanes has received considerable study.
Early work was complicated by the occurence of Both atomic 
and ionic substitu tion , Ionic s u b s t i t i t id n  occurs via 
the He ll-Volhard-Zelinsky^^ reaction fo r  the ch lo r ination 
o f carboxy lic acid derivatives and y ie lds  the <X.-chloro 
der iva tive . Much of the work in th is  f ie ld  has Been 
carr ied out in the gas phase so as to achieve radica l 
attack. Subst ituted alkanes such as halides, acid 
ch lorides and n i t r i les can Be chlor inated in Both gas 
and l iq u id  phases without the incursion o f po lar reactions 
provided cata lysts such as phosphorus halides or iodine 
are avoided. E ar l ie r  work was also hampered By the necessity 
o f separating the reaction products by frac tiona l  d i s t i l l a t i o n  
to estab l ish the d is t r ib u t io n  o f the ch lor inated products. 
Since the advent o f gas l iq u id  chromatography, the analysis 
o f product d is t r ib u t io n  has been both easier and more 
accurate.
In th is  section the d ire c t ive  effects  in the atomic 
ch lo r ination o f 1 -chlorob'utane, 1 -fluorobutane, 1 , 1 , 1 - 
tr i f luoropentane, 1 -y a le ro n i t r t le  and the acid ch lor ides 
o f v a le r ic ,  hexanoic and heptanoic acids receive fu r the r 
study. The ch lo r ina t ion  of i^ch lorobutane was qu ite 
extensive ly investigated in Both gas and solvent phases.
The main reason fo r  th is  was to provide a comparison w ith  
the study on 1,1-dich loroethane done in Part One. Another 
was to re -investigate some.of-the earl*ier=gas ohase work doneocin th is  laboratory by Fredericks , using a flow system.
I t  was thought important to see how his resu lts compare 
w ith those obtained fromthe present s ta t ic  system.
The f i r s t  useful work on the gas phase ch lor ination of
1-chlorobutane was done by Fredericks and Tedder who
used gas l iq u id  chromatography to analyse the product
m ixture. The l iq u id  phase ch lo r ina t ion , using sulphuryl
chlor ide as the ch lo r ina t ing  agent, was studied by Brown 37 38and Ash. ’ This was la te r  re-examined, using g . l . c .
39analys is by Horner and Sch lafer. The e ffec t of complexing
and non-complexing media on the atomic ch lo r ination of
1-chlorobutane was discussed by Walling and Mayahi^^
Later, Walling^^ investigated the l iq u id  phase ch lo r ination
of 1-chlorobutane using t-b u ty l  hypochlor ite. The gas
phase ch lo r ination using th is  reagent was studied much
la te r  by Stoddart and Nechvatalf^ The select ive l iq u id
phase ch lo r ination using iodobenzene d ich lo r ide has been42discussed by Tanner et a l .
I t  has been shown tha t subst ituents may accelerate or retard 
free rad ica l subst i tu t ion  at various points along an alkane 
chain. In the case o f gas phase atomic ch lo r ination the 
carbon atomsoC and(3 to the substituent at the 1 position 
are almost exclus ive ly deactivated to attack. The de­
ac tiva tion , caused by the inductive e ffec t o f the su b s t i t ­
uent, may be compensated at the position because of 
resonance s ta b i l is a t io n .  Table 5 shows the re la t ive  
re a c t iv i t ie s  fo r  the gas phase ch lo r ination o f the 
1 -substituted butanes under study in th is  section.
Table 5 Relat ive S e le c t iv i t ie s  RS^  fo r  ch lo r ination 
o f 1-substituted butanes at 50°c in gas phase
CHg — CHg — CHg — CHg — X Reference
1 , 0 3.6 3.6 1 . 0 -  H 36
1 . 0 3.7 2 . 1 0 . 8 -  Cl 36
1 . 0 3.7 1.7 0.9 - F 36
1 . 0 4.3 1 . 2 0.04 - CF3 43
1 . 0 3.9 1.7 0 . 2 - CN 44
1 . 0 3.9 2 . 1 0 . 2 -  COCl 45
Within reason, the deactivation can be seen to extend on ly 
as fa r  as the p  pos i t ion. This was confirmed by Singh and 
Tedder^^’ ^^ when they investigated the gas phase chi o r fna t i on 
o f the acid f luo r ides o f v a le r ic ,  hexanoic and heptanoic 
acids. When the reaction was carried out in the l iq u id  
phase the deactivation e ffe c t was seen r ig h t  along the 
chain.
The object o f the work described in th is  section is  to 
extend the gas phase resu l ts  to the l iq u id  phase in both 
complexing and non-complexing so lvents. There seems to 
have been no investigation in to  the l iq u id  phase c h lo r i ­
nation of 1 -fluorobutane and 1 , 1 , 1 -tr if luoropentane.
Rouchaud and Bruylants^^ have p a rt ly  studied the l iq u id  
phase ch lo r ination o f v a le ro n i t r i le  but do not seem to 
have extended th e i r  study to complexing media. The 
l iq u id  phase ch lo r ination of the acid ch lor ides has been 
studied to some extent by Singh and Tedder^^'^^'^^ and 
Den Hertog^^'^^ et a l .
I t  was thought necessary to reappraise th is  work in order 
to be able to make a d i re c t comparison w ith  the resu lts  
from the other 1 -subst i tu ted  butanes.
EXPERIMENTAL
MATERIALS
As 1n Part One ch lor ine was- used as supplied from B r i t is h  
Oxygen Company. The 1-chlorobutane (Hopkins and Williams} 
was pu r if ied  by d is t i l l a t i o n  on a Bucchi spinning hand 
column and the p u r i ty  checked by gas l iq u id  chromatography. 
Again a l l  the solvents were used as supplied by the 
manufacturer. Trichloromethyl sulphonyl chlor ide (FluRa} 
was used as supplied and t-b u ty l  hypochlor ite synthesised 
as in Part One. Va leryl ch lo r ide , hexanoyl ch lo r ide, 
heptanoyl chlor ide and v a le ro n i t r i le  were a l l  used as supplied 
by the A ldr ich Chemical Company. 1-fluorobutane and
1 , 1 , 1 -tr i f luoropentane were synthesised as fo l lo w s :-
Preparation o f 1-fluorobutane^^
R ed is t i l led  Dimethyl formamide (80ml) was placed.in a 250ml 
round bottomed f lask  along w ith anhydrous potassium f luo r ide  
(23g). A s t i r r e r ,  dropping funnel and 4 step Vigreux 
column were attached to the 3 necked f lask . The Vigreux 
column was f i t t e d  with a s t i l l  head, thermometer and a 
condenser leading to a round bottomed f lask  (50ml) 
immersed in an ic e /s a l t  m ixture. The contents o f the 
250ml round bottomed f lask  were heated to 130^0 then 
1-bromobutane (20ml) added. The 1-fluorobutane was collected 
in the 50ml round bottomed f lask . I t  was pu r i f ied  by 
preparative gas l iq u id  chromatography using a 1 2 ' glass 
column packed w ith 25% T.T.P. on 'Embacel' at 90°C.
1 -fluorobutane
n.m.r. S = 0.9 ( t r i p l e t ,  J = 1 2 Hz, 3H, CH^ CHgCHgCHgF)
8  = 1.2 - 1.9 (complex, 4M, CH^ CH^ CH^ CH^ F)
& = 4.1 and 4.7 (doublet of t r i p le t s ,  = 46 Hz
J r - H  =  12 Hz  
2H, CHgCHgCHgCHgF )
b b
51Preparation o f 1 ,1 ,1-tr ifluo ropen tane
Crude 1,1,1-tr i f luoropentane was supplied By r.C.T. Mond 
Division. I t  was prepared by reacting va le r ic  acid with 
sulphur te t ra f lu o r id e  at elevated temperature under 
pressure in a stain less steel autoclave. The reaction 
is  a two step process:
RCOOH + SF  ^ --------- ^ RCOF + HF + SOFg
RCOF +  SF^  RCF3 +  SOFg
The crude product was d is t i l l e d  at reduced pressure on a 
vaccuum l in e  and an almost pure product was produced,
1 , 1 , 1 -tr if luoropentane
n.m.r. & = 0.9 ( t r i p l e t ,  J = 14 Hz, 3H, CMu^HgCHgCHgCF,)
8  = 1.1 - 1.6 (complex, 4H, CHjCH^Cl^CHgCFj)
8 = 1.9 -  2.1 (complex, 2H, CH^CHgCHgCj^CFg]
APPARATUS AND PROCEDURE
Gas Phase Reactions: Gas phase experiments were carried out
on the same s ta t ic  system described in Part One. The
experimental procedure was also the same.
L iquid Phase Reactions: A l l  reactions in the l iq u id  phase
were carried out in the same way as described in Part One
with the exception of the ch lo r ina t ion  of 1 -chlorobutane 
by tr ich loromethyl sulphonyl chlor ide. In th is  case, the 
reaction mixture was d is t i l l e d  under re f lux  overn ight and 
the radica l chain reaction in i t ia te d  by benzoyl peroxide.
ANALYSIS OF THE PRODUCTS
The products o f a l l  the reactions were analysed by gas 
l iq u id  chromatography. The same system was used that 
has been described in Part One. Two types of column 
were used: a 1 2 ' glass column packed w ith 15% s i l icone
o i l  s tat ionary phase on 100/120 mesh. 'C e l i te ' and a 12' 
glass column packed w ith 25% t r i t o l y l  phosphate (T.T.P.) 
stat ionary phase on 80/100 mesh 'Embacel'.
V-
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The products o f the photoch lor ination o f va le ry l ,  hexanoyl 
and heptanoyl chlor ides were more easi ly  separated by converting 
them to the corresponding methyl esters by the add it ion of 
methanol. In some cases two layers would form on the 
add it ion o f methanol. One of these layers was the solvent 
and th is  was removed from the ester layer by a Buchii 
ro tary evaporator.
The products o f the ch lo r ina t ion  o f 1^chlorobutane were 
id e n t i f ie d  by comparing th e i r  re tention times with those 
o f authentic compounds. The e lu t ion order fo r  the products 
of the ch lo r ination o f v a le ry l ,  hexanoyl, heptanoyl chlor ides 
and v a le ro n i t r i le  had already been determined in this- 
laboratory^^ and so the products were id e n t i f ie d  ilrmedlately.
In a l l  cases the e lu t ion  order was established to Be 1,1-.
1,2-, 1,3- and 1,4- dich loro products. Therefore i t  was 
assumed that the d ich lo r ina t ion  products of 1 -fluorobutane 
and 1 , 1 , 1 - tr i f luoropentane would elute in the same order.
Gas phase photoch lor ination o f 1-chlorobutane
G.L.C. column: 12' 15% s i l icone  o i l  on "Ce l i te *.
Oven temperature: 125°C
Reaction temperature: 60°C
CH3 CH3  - CHp — CHgCl
D istr ibu tion 17.39 48.11 26.34 8.16
17.96 49.03 25.24 - 7.79
Mean: 17.68(+0.40)48.57(+0.55)25.79(+0.77)7.96(+0.28)
J0< 1.00 2.75 1.46 0.45
^4
RSp 1.00 4.12(+0.04)  2.19(+0.11) 0.68(+0.04)
€ ) /
Reaction Temperature: 90°C
CH3  — CH2  — CH2  - CHgCl
% D is tr ibu tion 18.94 51.58 2 2 . 1 1 7.37
19.84 51.59 21.43 7.14
18.54 54.15 20.98 6.34
2 0 . 0 0 50.62 23.13 6.25
Mean : 19.33(+0.,70)51.99(+l,,51)21.91(+0 .94)6.78(40.56)
Kx 1 . 0 0 2.69 1.13 0.35
K4
RS= 1 . 0 0 4.04(+0.26) 1.70(+0. 06) 0.53(+0.05)
Reaction Temperature: 135°C
CH3  - CHg — CH2  — CHgCl
% D is tr ibu tion 17.07 53.05 21 .95 7.93
18.03 51.91 22.95 7.10
18.32 52.36 23.04 6.28
Mean: 17.81(+0..65)52.44(+0.,57)22.65{+0 .61)7.10(40.83)
Kx 1 . 0 0 2.95 1.27 0.40
K4  ■
RS^ 1 . 0 0 4.42(ÿ .211 1.90(+0. 04) 0.60(40.10)
Reaction Temperature: 170°C
CH3  - CH2  - CH2  ^ CHgCl
% D is tr ibu tion 18.09 50.53 22.34 9.04
19.85 48.09 22.14 9.92
18.48 49.46 22.83 9.24
18.75 48.56 22.60 1 0 . 1 %
Mean: 18.79(+0,.76)49.16(+1..08)22.48(40 .30)9.58(40.51)
Kx 1 . 0 0 2.62 1 . 2 0 0.51
1<4
oo
RS; 1.00 3.93(40.24) 1.80(40.091 0.77(40.03)
Summarising these resu l ts :
Table 6 RS„ values fo r  the gas phase ch lo r ina t ion  of
— p--------------------------------' '
1 -chlorobutane
Temperature Relative S e le c t iv i ty
°C CH3 CHo CHg CHgCl
60 1 . 0 0 4.12 2.19 0 . 6 8
90 1 . 0 0 4.04 1.70 0.53
135 1 . 0 0 4.42 1.90 0.60
170 1 . 0 0 3.93 1.80 0.77
These results are too scattered to give a meaningful Arrhenius- 
p lo t o f ln (kx/k^) aga inst 1/T.
Liquid phase photoch lor ination o f 1-chlorobutane
G.L.C, column: 12' 15% s i l icone  o i l  on 'C e l i te '
Oven temperature: 125°C
Reaction temperature: 0.5°C
CH3 — CHg — CHg — CHgCl
% D is tr ibu tion : 23.22
23.68 
24.39
23.68 
24.11
48.93 22.14 5.72 
49.63 20.95 5.74 
47.67 22.40 5.54 
48.95 21.82 5.55 
48.34 21.76 5,79
Mean: 23.82(+0.45)48.70(+0.75)21.81(jHD.55)5.67(+0.12)
Kx 1 . 0 0 2.06 0.91 0.24
K4
RS= 1 , 0 0 3,09(40.10) 1.37(40.04) 0.36(+Q.01)
Reaction temperature; 2 0 ^C
CH3  - CHg — CHg — CHgCl
% D is tr ibu tion : 25.32 46.11 22.76 5.80
24.94 44.90 24.43 5.73
26.34 44,46 22.89 6.31
24.65 45.60 . . 23.06 . . .6 . 6 %
Mean: 25.31 (+^0.74)45.27 (+0.73)23.29(40.77)6.13(4-0,45)
Kx 1 . 0 0 1.79 0.92 0.25
K4
RSS 1 , 0 0 2.68(+0.11): 1.38(40.07) 0.37(40.03)
/  V
Reaction temperature: 33°C
CH3 — CHg — CHg — CHgCl
% D is tr ibu tion : 25.31
24.38
25.53
25.62
25.23
44.19
45.51
45.69
45.58
45.38
24.07
23.35
22.26
22.33
22.65
6.44
6.76
6.51
6.47
6.74
Mean: 25.21(+0.49)45.27(+0.61)22.93(k0.77)G.58(+0.15)
Kx 1 . 0 0 1.79 0.91 0.26
\
RS^ 1 . 0 0 2.69(+0.07] 1.37(+0.06) 0.39(+0.02)
Reaction temperature: 44°C
CH3  - CH. 2  - CH^  — CHgCl
% D is tr ibu tion : 26.25 43.52 22.61 7.62
24.32 45.22 22.99 7.47
25.64 44.94 22.64 6.78
26.44 44.81 21.95 6.80
26.01 43.90 23.50 6 ,§ 8 "
Mean: 25.73(+0.84144.48(+0.73)22.74(+0.57)7.05(+0.46)
Kx 1 . 0 0 1.73 0.89 0.27
K4
RS= 1 . 0 0 2.60(+0.12) 1.33(+0,07) 0.4T(+0.03)
Reaction temperature: 52°C
CH3  - CH2  - CHg — CHgCl
% D is tr ibu tion : 25.68 42.95 ' 23.52 7.86
24.99 43.81 22.82 8.37
24.95 43.49 24.31 7.25
! I
Kx
K,
Mean
25.63 43.97 23.04 7.36
25.31 (+0.40)43.56(+^0.45)23.42(+0.60)7.71 (+0.51 ) 
1.00 1.72 0.93 0.31
RS""P
Table 7
1.00 2.58(_+0.06) 1.39(+0.05) 0.47(+0.04)
RSp values fo r  1iquid phase ch lo r ination 
o f 1 -ch lorobutane
Temperature Relative S e le c t iv i t ie s
CHg -----CHg ------ CH2 CHgCl
0.5 1 . 0 0 3.09 1.37 0.36
2 0 1 . 0 0 2 . 6 8 1.38 0.37
33 1 . 0 0 2.69 1.37 0.39
43 1 . 0 0 2.60 1.33 0.41
52 1 . 0 0 2.58 1.39 0.47
Tabulating the resu lts  in order to ca lculate Arrhenius parameters
i l
T
InCK- ) InCKg )
k i
ln(K i ) 
(.—  ) (.K4  ]
3.66 0.72 - 0 .0a -1.43
3.41 0.58 -0.08 -1.39
3.27 0.58 -0.09. -1.35
3.16 0.55 -0.12 -1.31
3.08 0.54 -0.07 -1.17
lAP lo tt ing  ln(Kx/k^) vs 'T  g ives:
- 1- Eg = 593(+127) cal mol In (A3  ) = ^0 .39.3( ÿ . 2131
-1E4  - Eg = 8 (+93) cal mol In (Ag ) = -0.104(+0.1571
KK \
-1E4  - E-, = -760(+245) cal mol In (A  ^ ) = -0.063(+0.407)
( A  )
Liquid phase ch lo r ination of 1-chlorobutane in benzene
G.L.C. column: 12' 15% 
Oven temperature: 125°
s i l icone
C
o i l  on 'C e l i te '
(SOLVENT) = 4.71 
(SUBSTRATE)
Reaction temperature: 0.5°C
CH3  - CHg — CHg — CHgCl
% D is tr ibu tion : 16.14
16.75
17,59
16.44
59.06 19.74 
59.63 19.37 
58.59 19.45 
58.37 20.44
5.06
4.23
4.37
4.75
Mean : 16,73(.+0,63)58.9.1 (+0.56)19.75(+0.49)4.60(+0.38)
kx
K4
1 . 0 0 3.53 1.18 0.28
RS^ 1 . 0 0 5.29(+0.21) 1.77(+0.09) 0.42(+0.04)
Reaction temperature: 36°C
CH3  - CH2  — CH2  — CHgCl
16.89
16,18
17.11
16.11 
16.80
56.99 20.62 
58.47 20.15 
58.11 19.68 
57.54 20.93 
57.78 20.64
5.55
5.20
5.10
5.42
4.78^
Mean: 16.62(+0.45)57.78(+0.56)20.40(+0.49)5.21 (+0.30)
Kx
K4
1 . 0 0 3.47 1.23 0.31
RSp 1 . 0 0 5.21(+0.171 1.84(+0.081 0.47(+0.03)
73
Reaction temperature: 42.5 C
CH3  - CHg — CHg — CHgCl
% D is tr ibu tion : 16.85
16.95
17.99
18.69
16.43
56.95 21.01 5.19 
56.56 20.79 5.69 
56.52 19.58 5.91 
56.03 20.21 5.07 
58.13 19.68 5.75
Mean: 17.38 (+0.93)56.84 (+0.79120.25(;+0.64)5.52(+0.37.)
^4
1 . 0 0 3.23 1.17 0.32
RSp 1 . 0 0 4.92(+0.32) 1.75(+0.12) 0.48(+0.04)
Reaction temperature: 51.5°C
CH3  - CHg — CHg — CHgCl
% D is tr ibu tion : 19.47
17.42
18.45
19.19
19.00
54.08 20.52 5.93 
54.72 22.10 5.76
53.83 21.66 6.06 
53.79 20.82 6.21
52.83 21.72 6.44
Mean: 18.71 (_ÿ.81 )53.85(+0.68)21.36(+0.66)6.08(+0.26)
Kx
^4
1 . 0 0 2.89 1.15 0.33
RSp 1 . 0 0 4.33(+0.231 1.72(+0,121 0.49(+0.02)
Table 8  RS^  values fo r  the ch lor ination of 1 -chlorobutane
in  benzene
Temperature Relative S e le c t iv i t ie s
°C CH3 -----  CHg " -  CHgCl
0.5 1 . 0 0 5,29 1,77 0.42
36 1 . 0 0 5.21 1.84 0.47
42.5 1 , 0 0 4.92 1.75 0.48
51.5 1 . 0 0 4.33 1.72 0.49
______________ :----------------------------:------- ------- :------
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Tabu lating these resu lts  in  order to obtain Arrhenius parameters
1 0 ^
T
ln(kg ) 
)
Infkg ) 
(k^ )
ln (k ] )
3.66 1.26 0.17 -1.27
3.24 1.25 0 . 2 0 -1.16
3.17 1.19 0.15 -1.14
3.08 1.06 0.14 - 1 . 1 2
P lo tt ing  ln (kx /k^) vs g ives:
- Eg = 5o5(+356) cal tnol"’ , In  (A3  ) = 0.356(+^0.589)
( S Ï )
E4  - Eg = 72(+135) cal m o l" '. In  (Ag ) .= 0.046(+0.225)
i \  1
E  ^ - E., = -519(+8) cal m o l" '. In  [A., ) = -0.315(+0.013]
(& )
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Liquid phase photoch lorination o f 1-chlorobutane in 
various so lvents
A ll reactions were carried out a t 20°C
Solvent: Acetyl ch loride
(SOLVENT)/(SUBSTRATE) = 5.91
% D is trib u tion
CH3  - CH2  — CH2  - CHgCl
27.18 48.59 20.04 4.19
25.45 46.05 22.67 5.83
24.80 47.44 2 2 . 8 8 4.88
Mean: 25.81(+1.23)47.36 (+ l.27)21.8 6 (+ l.58)4.97(+0.82)
Kx 1.00 1.84(+0.07) 0.85(+0.10) 0.19(+0.04)
K4
RSp 1.00 2.76(+0.10) 1.28(+0.15) 0.29(+0.06)
Solvent: Carbon te trach lo r ide
(SOLVENT/(SUBSTRATE) - 3.96
CH3  - CHg — CHg - CHgCl
D is trib u tio n : 29.09 42.70 22.83 5.38
28.03 43.21 22.82 5.94
29.01 42.02 23.15 5.82
Mean: 28.71(+0.59)42.64(+0.60)22.93(+0.19)5.71(+0.29)
Kx 1.00 1.49(+0.05) 0.80(+0.01) 0.20(+0.01)
^4
RSp 1 . 0 0  2 . 2 3 ( + 0 . 0 7 )  1 . 2 0 ( + 0 . 0 2 )  0 . 3 0 ( + 0 . 0 2 )
76
Neat 1-ch lorobutane
% D is tr ib u tio n :
CH3  -
25.32
24.94
26.34
24.65
CH2  -
46.11
44.90
44.46
45.60
CH3  -
22.76
24.43
22.89
23.06
CHgCl
5.80
5.73
6.31
6.69
Mean: 25.31(+0.74)45.27(+0.73)23.39(+0.77)6.13(+0.45)
Kx 1 . 0 0 1.79(+0.07) 0.92(+0.05) 0.24(+0.02)
K4
RS^ 1 . 0 0 2 . 6 8 (+0 . 1 1 ) 1.38(+0.__7) 0.36(+0.03)
Solvent: 1 ,1 ,2 - tr ic h lo ro - l,2 ,2 - tr if lu o ro e th a n e
(SOLVENT)/(SUBSTRATE) = 3.44
CH3  - CH3  - CH2  - CHgCl
% D is trib u tio n : 25.31 45.06 23.76 5.87
24.58 46.21 22.52 6.69
23.90 46.68 23.80 5.62
Mean : 24.60{+0.71)45.98(+0.83)23.36(+0.73)6.06(+0.50)
1 . 0 0 1.87(+0.09) 0.95(+0.04) 0.25(+0.02
K4
RS= 1 . 0 0 2.81(+0.13) 1.42(+0.06) 0.37(+0.03)
So lvent: Nitrobenzene
(SOLVENT)/(SUBSTRATE) = 4.08
CH3  - CH2  - CH2  - CHgCl
% D is tr ib u tio n : 21.94 49.93 24.09 4.04
20.89 49.95 26.03 3.13
22.74 51.87 21.67 3.72
7 7  /  1
Mean: 21.86(+0.93)50.58(+ l.11)23.93(+2.18)3.53(+0,46)
J0( 1.00 2.31(+0.70) 1.10(+0.15) 0.17(+0.02)
^4
RSp 1.00 3.47(+0.10) 1.65(+0.22) 0.25(+0.03)
Solvent: Benzene
(SOLVENT)/(SUBSTRATE) = 4.70
CH3  - CHg - CHg - CHgCl :
D is tr ib u tio n : 15.73 59.44 20.76 4.07 j
15.36 59.48 2 1 . 2 2 3.95 4
13.96 60.36 22.17 3.52 i
Mean: 15.02(+0.93)59.76(+0.52)21.38(+0.72)3.85(+0.29)
Kx 1.00 3.99(+0.29) 1.43(+0.14) 0.26(+0.01)
K4
RSp 1 . 0 0  5.99(+0.44) 2.14(+0.21) 0.39(+0.01)
Solvent: Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE) = 6.93
% D is tr ib u tio n :
CH3  - CHg - CHg — CHgCl
9.67 64.23 21.06 5.04
11.47 63.73 19.57 5.31
10.33 64.00 19.85 5.81
Mean: 10.48(+0.88)63.99(+0.25)20.16(+0.79)5.38(+0.39)
Kx 1  . 0 0  6.13(+0.55) 1 .93(+0,.24) 0.51 (+0.05)
K4
RSg 1.00 9.19(+0.82) 2.90(+0.36) 0.77(+0.08)
A
7 8
Solvent: Perfluoro-N-Methyl morpholine
(SOLVENT)/(SUBSTRATE) = 5.65
Kx 1.00 2.12(+0.13) 1.18(+0.07) 0.40(+0.04)
*^ 4
RSp 1.00 3.19(+0.19) 1.78(+0.10) 0.60(+0.07)
["3  - CHg - 0 ^ 2  - CHgCl
D is tr ib u tio n : 2 0 . 2 0 45.86 25.43 8.42
?
21.97 45.43 25.01 7.60
21.67 44.04 24.99 9.30 1
Mean: 21.2B(+0.95)45.11 (+0.95)25.14(+^0.25)8.44(+0.85)
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Ch lorination o f 1-ch lorobutane using t-b u ty l hypochlorite
The reaction was carried out a t room temperature in  carbon 
te trach lo r ide  ( (SOLVENT)/(SUBSTRATE) = 1.62). The reaction 
was in it ia te d  by a l ig h t  from a 150w bu lb.
( 1 -ch lo robu tane)/(t-bu ty l hypochl o r ite )  1 0 : 1
CH3  - CHg - - CHg - CHgCl
% D is tr ib u tio n : 17.88 44.10 19.80 18.22
15.52 43.14 2 1 . 8 6 19.48
13.95 45.81 2 0 . 1 0 20.13
Mean: 15.7 8 (+ l.98)44.35 (+ l.35)20.59 (+ l.11)19.28(+0.97)
Kx 1.00 2.84(+0.41) 1.32(+p.l8) 1.24(+0.21)
«4
RSp 1.00 4.26(+0.62) 1.98(+0.28) 1.86(+0.32)
Chlorination o f 1-ch lorobutane using tr ic h lo ro  methane sulphonyl 
chloride
The reaction was carried out at 77^0 and in it ia te d  by the addition 
o f a small amount o f benzoyl peroxide.
( l -ch lorobutane)/ (CCl3S02Cl)  = 20:1
CH3 - CH. - CHg - CHgCl
D i s t r i b u t i o n 12.14 51 .71 17.85 18.31
10.52 52.93 19.71 16.84
9.53 53.61 18.19. 18.67
7.44 53.40 19.87 19.29
Mean 9.91 52.91 18.91 18.28
(±1 .97 )  (±0 .85)  ( ±1 .0 3 )  ( ±1 .04)
1.00 ^5 .34 ^ 1.91 ,1 .85' Kx ( + 1  .24)  ( i  0 .50)  ( i o . 4 9 )
K4
8 0
Liquid phase photoch lorination o f va le ry l chloride 
A ll reactions were carried out a t room temperature, 20°C.
The g . l . c .  column used was a 1 2 ' glass column packed w ith
25% T.T.P. on 'Embacel'‘ a t 140°C.
Neat va le ry l ch loride
CH3  - CH2  - CH2  - CHgCOCl
% D is trib u tio n : 30.14 45.82 22.53 1.51
28.61 46.73 23.47 1.18
26.75 48.01 23.19 2.04
28.24 47.44 23.20 1 . 1 2
Mean : 28.44(41 .39)47.00(40. 94)23.10(40 .40)1.46(40.42)
Kx
Kg
1 . 0 0 1.65(40.1 1 ) 0.81(+0. 04) 0.05(40.02)
RSp 1 . 0 0 2.48(+0.1 7) 1.22(+p. 06) 0.08(40.03)
So lvent: Benzene -
(SOLVENT)/(SUBSTRATE) =; 5.34
CH3  - CHg — CHg - CHgCOCl
% D is tr ib u tio n : 17.37 66.29 15.09 1.25
16.15 68.09 15.52 0.24
16.81 67.97 15.04 0.18
16.53 69.13 14.14 0 . 2 0
Mean: 16.72(40.51)67.87(+1.18)14.95(40.58)0.47(+0.52)
Kx
Kr
1.00 4.06(40.18) 0.89(+0.05) 0.03(+0.03)
RS: 1.00 6 . 0 9 ( 4 0 . 2 7 )  1 . 3 4 ( 4 0 . 0 7 )  0 . 0 4 ( 4 0 . 0 5 )
So lvent; Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE) = 3.94
t  D is tr ib u tio n :
CH3  - CH2  — CH2  - CHgCi
16.65 66.31 16.56 0.50
17.14 65.70 16.57 0.61
16.24 6 6 . 6 6 16.43 0.67
16.61 67.16 15.56 0 . 6 6
16.34 66.25 16.86 0.55
Mean: 16.50(+0.35)66.42(+0.54)16.40(+0.49)0.60(+0.07)
to 1.00 4.00(+0.11) 0.99(+0.04) 0.03(+0.01)
Ks
RSp 1.00 6.00(+0.16) 1.48(+0.06) 0.05(+0.01)
Liquid phase photoch lorination o f hexanoyl chloride
A ll the reactions were carried out a t 20°C. The g . l . c .  column 
used was a 12' glass column packed w ith 25% T.T.P. on 'Embacel' 
a t 145°C.
Neat hexanoyl ch loride
CH3  - CHg - CHg - CH2 CHpCOCl
D is t r i­ 22.23 33.46 29.62 14.17 0.53
bution: 25.06 33.23 27.92 13.59 0 . 2 0  i
27.62 31.33 27.59 12.99 0.47 '1
Mean: 24.97(+2.70)32.6 7 (+ l.17)28.38(+ l.09)13.58(+0.59)0.40(+0.15)
to 1.00 1.31(+0.19) 1.13(+0.17) 0.55(+0.09) 0.01(+0.01)
^ 6
RSp 1.00 1.96(+0.28) 1.70(+0.25) 0.82(+0.13) 0.02(+0.01)
8 2
So lvent: Benzene
(SOLVENT)/(SUBSTRATE) = 7.77
CH3  - CH2  - CH2  - CHg — CHgCOCl
D is t r i­ 1 1 . 8 8 45.06 33.67 9.39
bution: 10.28 45.53 35.34 8.85
10.06 46.59 34.76 8.60 — —
Mean: 10.74(+0.99)45.73(+0.78)34.59(+0.85)8.95(+0.40) 0.00
Kx 1.00 4.26(+0.44) 3.22(+0.35) 0.83(+0.04) 0.00
RSp 1.00 6 .39(40.66) 4.83(+0.53) 1.25(+0.06) 0.00
So lvent: Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE) = 4.58
CH3  - CHg - CHg - CH2 CHgCOCl
% D is t r i­ 9.62 47.08 37.03 6.27 __
bution: 9.19 48.99 35.97 5.86 --
8.90 48.43 36.43 6.25 --
9.55 48.43 36.26 5.76
9.30 48.24 36.15 6.31
Mean: 9.31(40.29) 48.23(40 .70)36.37(40.41 ) 6 . 09(40. 26) 0 . 0 0
Kx 1 . 0 0 5.18(40. 21) 3.91(40.11) 0.65(40. 04) 0.00
^ 6
RSp 1.00 7.77(+0.32) 5.85(+0.16) 0.98(+0.06) 0.00
Liquid phase photoch lorination o f heptanoyl ch loride
A ll the reactions were carried  out a t 20®C. The g . l . c .  column 
was a 12' glass column packed w ith 25% T.T.P. on 'Embacel' at 
150°C.
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Liquid phase photoch lorination o f v a le ro n it r i le
A il reactions were carried out at 20°C. The g . l .c. column
was a 1 2 ' glass column packed w ith 25% T.T.P. on ' Embacil'
a t 150°C.
Neat v a le ro n it r i le
CH3  - CH2  — CHg - CHgCN
% D is tr ib u tio n : 31.34 45.45 18.64 4.57
33.73 44.68 17.86 3.72
31.65 46.87 16.62 4.86
Mean: 32 .34(+ l.30)45.6 7 (+ l. l1)17.71(+1.02)4.38(+D.59)
Kx 1 . 0 0 1.41(+0.08) 0.55(+0.04) 0.13(+0.02)
s
RS= 1 . 0 0 2 . 1 2 (+0 . 1 2 ) 0.82(+0.06) 0.20(+0.03
Solvent: Benzene
(SOLVENT)/(SUBSTRATE) := 4.67
CH3  - CHg - CHg - CHgCN
% D is tr ib u tio n : 23.96 61.92 14.12 0 . 0 0
23.00 62.67 13.60 0.73
21.91 63.38 13.81 0 . 0 0
Mean: 22.96 (+ l.03)62.66(+0.73)13.84(+0.66)0.24(+0.42)
J0 < 1 . 0 0 2.73(+0.15) 0.61(+0.03) 0.01(+0.02)
RS: 1.00 4.10(+0.23) 0.91(+0.04) 0.02(+0.03)
o /  ; '
So lvent: Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE) = 10.68
% D is tr ib u tio n :
CH3  - CH2  - CHg - - CHgCN
16.63 71.95 11.42 0 . 0 0
14.96 70.47 14.01 0.56
13.23 73.02 13.31 0.44
12.74 72.43 13.63 1 . 2 0
14.67 73.18 12.15 0 . 0 0
16.31 70.40 12.27 1 . 0 2
17.73 69.71 11.98 0.58
Mean: 15.18(+1.82)71.5 9 {+ l,39)12.68(+0.97)0.54(+0.46)
JOc 1.00 4.78(+0.65) 0.85(+0.16) 0.05(+0.03)
^5
RSp 1.00 7.17(+0.98) 1.28(+0.24) 0.07(+0.05)
L iquid phase photoch lorination o f fluorobutane
A ll reactions were carried out a t 20°C. The g . l . c .  column was 
a 12' glass column packed w ith  25% T.T.P. on 'Embacel' a t 90°C.
Solvent: 1 ,1 ,2 - tr ic h lo ro -l,2 ,2 -tr1 flu o ro e th a n e
(SOLVNET)/(SUBSTRATE) = 1.63
% D is tr ib u tio n :
CH3  - CH2  - CHg - CH2 F
31.48 40.30 18.65 9.57
31.20 40.50 18.99 9.31
32.52 39.03 18.77 9.68
Mean: 31.73(+0.70)39.94(+0.80)18.80(+0.17)9,52(+^0.12)
kx 1.00 1.27(+0.03) 0.59(40.01) 0.30(+0.01)
K4
RSp 1 . 0 0  1.90(+0.05) 0.89(+0.02) 0.45(+0.01)
______ Lf___j  ■ - 'i  * î  'A-
0 0
Solvent: Benzene
(SOLVENT)/(SUBSTRATE) = 4.40
CH3  - CHg -  CHg - CH^ F
% D is trib u tio n : 23.05 69.82 7.13
29.91 69.96 6.13
23.01 70.64 6.35
Mean : 23.32(+0.51)70.14(40.44)-- 6.54(40.53)
(No 2-ch lo ro -l-fluorobutane was observed because i t  has the same
retention time on the g . l . c .  chromatogram as benzene)
jÇ( 1 . 0 0 3.01(40.07) — 0.28(40.03)
K4
RS^ 1 . 0 0 4.51(40.11) - 0.42(40.04)
Solvent: Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE) = 6.48
CH3  - CHg — CHg — CHgF
% D is tr ibu tio n 15.85 58.37 19.54 6.24
16.53 63.16 14.61 5.70
16.06 63.08 14.95 5.91
18.49 62.97 14.72 4.12
Mean: 16.73(41.21)61.90(42.35)15.96(42.39)5.49(40.94)
Kx 1 . 0 0 3.70(4^0.12) 0.95(40.19) 0.33(40.07)
K4
RS= 1 . 0 0 5.55(40.18) 1.43(40.28) 0.49(40.11)
1
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Liquid phase photoch lorination o f 1 ,1 ,1-trifluo ropentane
The reactions were carried out at 20°C. The g . l . c .  analys is 
was carried out using a 5 ‘ glass column packed w ith 25% T.T.P 
on 'Embacel' a t 90°C.
Neat 1 ,1 ,1 -tr ifluo ropentane
% D is trib u tio n :
CH3  - CHg - CH2  - CH2 CF3
30.95 51.99 16.71 0 . ^
29.64 52.45 17.50 0.41
30.52 53.25 16.20 0.03
31.54 51.23 16.83 0.40
30.83 51.54 17.17 0.46 1
Mean: 30.70(+0.70)52.09(+0.79)16.88(+0.49)0.33(+0.17)
JOc 1.00 1.70(40.06) 0.55(40.02) 0.01(+0.01)
^5
RSp 1.00 2.55(+0.09) 0.83(+0.04} 0.02(+0.01)
So lvent: Chlorobenzene
(SOLVENT)/{SUBSTRATE) = 7.49
CH3 — CHg — CHg — CHgCFg
% D is tr ib u tio n : 19.45 66.79 13.76
21.29 65.83 1 2 . 8 8 — -
2 2 . 2 0 64.22 13.58
19.42 66.16 14.42
2 0 . 2 0 67.33 12.47
Mean: 20.51(+1 .21)66.0 7 (+ l.18)13.42(+0.76)--
Kx 1.00 3.23(+0.23) 0.66(+0.06) 0.00
K5
RSp 1.00 4.85(+0.35) 0.99(+0.10) 0.00
90
Solvent: Carbon d isu lph ide
(SOLVENT)/(SUBSTRATE)
% D is tr ib u tio n :
Mean:
Kx
K5
Rs:
11.24(40.74)76.85(41.28)11.87(40.65)0.00
1.00
1.00
6.86(40.54) 1.06(40.05) 0.00
10.30(40.82)1.59(40.08) 0.00
CH3  - CHg - CH2  — CHgCFg V
12.32 74.80 1 2 . 8 8
10.62 78.16 1 1 . 2 2 - - '
10.49 77.59 11.92 - -
11.37 76.69 11.94 - -
11.42 77.03 11.37 — :
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DISCUSSION
The ch lo r ina tion  o f 1-c h iorobutane
The gas phase photoch lorination o f 1-chlorobutane was undertaken 
p r im a rily  to see how the resu lts  obtained from the s ta t ic  
system used here compared w ith those o f Fredericks'^ who used 
a flow  system. Table 9 shows the resu lts
Table 9 RS^  fo r  gas phase photochlorination o f 1-chlorobutane
Temperature CH3  -
(4)
CH2
(3)
CH2
( 2 )
CHgCl
( 1 )
Ref.
60°C 1 . 0 0 4.12 2.19 0 . 6 8 This
work
50°C 1 . 0 0 .3.70 2 . 1 0 0.80 36
The re su lts , cons idering the experimental e rro r invo lved, are 
reasonably comparable. The only real discrepancy is  at 
position (3),  where the present study suggests tha t the gas 
phase reaction is  a l i t t l e  more se lective  than was previous ly 
thought. The new value fo r  pos ition  (3) is ,  in fa c t, in 
be tte r accord w ith subsequent data. Probably the e a r l ie r  
work is  in e rro r because ana lys is was completed using 
thermal conductiv ity  detectors fo r the g . l . c .  and not a 
dens ity balance as used in  a l l  subsequent work.
The resu lts  o f the gas phase ch lo r ina tion  carried out over 
a temperature range (see Table 6 ) are too scattered to ju s t i f y  
the ca lcu la tion  o f Arrhenius parameters. However, the resu lts  
in the l iq u id  phase in both 'complexing' and 'non-complexing' 
media w i l l  y ie ld  Arrhenius parameters although the errors 
invo lved are cons iderab le. The parameters are obtained by 
a least square treatment o f the re la t iv e  rate data and are 
summarised in Table 10.
Table 10
SOLVENT
9 2
Relative Arrhenius parameters fo r  the l iq u id  
phase ch lo r ina tio n  o f 1 -chlorobutane
E4 -E3 (A,) E4 -E2 (A,) E4 -E1 (A,)-1 -1 -1
NEAT 593 0 . 6 8 8 0.90 -760 0.94tH 27) (+0.14) (±93) (±0.14) (+245) (±0.39)
BENZENE 505 1.42 72 1.05 -519 0.73
(+356) (+0.89) (±135) (±0.23) (+8 ) (± 0 . 0 1 )
The p lo t o f re la t iv e  data against T is  shown in  Figs. 9 & 10.
Although caution must be exercised before drawing too many conclusions 
from these figu res , i t  would seem to be f a i r ly  safe to say tha t 
the increased s e le c t iv ity  in benzene is  not so le ly  due to an 
enthalpy e ffe c t.
reactions a t 0 C.
Table 11 shows the RS^  in both l iq u id  phase
Table 11 RS_ fo r  l iq u id  phase ch lo r ina tion  o f 1-chlorobutaneH % ..................at 0°C
CH3  - CHg - CH2  - CHgCl
(4) (3) ( 2 ) ( 1 )
NEAT 1 . 0 0 3.09 1.37 0.36
BENZENE 1 . 0 0 5.29 1.77 0.42
The main d iffe rence is  the g rea tly  increased attack a t position 
(3) when the reaction is  carried out in benzene. The data in 
Table 10 shows s im ila r d ifferences in ac tiva tion  energy fo r 
both processes, but a much increased ra t io  o f the pre 
exponential factors in benzene. This seems to be opposite 
to the s itu a tio n  in  1,1-dich lG roetMne (see P&rt One) where 
the increased s e le c t iv ity  in  benzene was found to be a 
p rim a rily  enthalpy e ffe c t.
FIGURE 9
93
P lo t o f ln(Kx/K^) 10 /T fo r  neat l iq u id  phase 
photoch lorination o f 1 -chlorobutane
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P lot o f ln(Kx/K^) 10 /T fo r  the photochlorination 
o f 1 -ch lorobutane in  benzene
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The increased attack a t pos ition  (2) in benzene seems also to
be mainly an entropy e ffe c t. However enthalpy e ffec ts  may
well preva il but are hidden because o f the large experimental
e rro r invo lved. Even so, thèse resu lts  do add weight to 17Tedder's argument tha t reaction s e le c t iv ity  is  a balance 
o f enthalpy and entropy e ffec ts .
The e ffe c t o f a range o f solvents on the s e le c t iv ity  o f the 
ch lo r ina tion  o f 1-chlorobutane can be seen in Table 12.
Table 12 S e le c t iv ity  fo r  ch lo r ina tion  o f 1-chlorobutane in 
various so lvents
SOLVENT (SOLVENT)
(1-CHLOROBUTANE) CH.
Rs;
CHo -  CH, CHoCl
Acetyl Chloride 5.91 1 . 0 0 2.76 1.28 0.29
Carbon Tetra­
ch loride 3.96 1 . 0 0 2.23 1 . 2 0 0.30
Neat - - 1 . 0 0 2 . 6 8 1.38 0.36
CFgClCFClg 3.44 1 . 0 0 2.81 1.42 0.37
Nitrobenzene 4.08 1 . 0 0 3.47 1.65 0.25
Benzene 4.70 1 . 0 0 5.99 2.14 0.39
Carbon Disulph ide 6.93 1 . 0 0 9.19 2.90 0.77
Perfluoro N-methyl 
Morpholine 5.65 1 . 0 0 3.19 1.78 0.60
Acetyl ch loride does not seem to decrease the s e le c t iv ity  as i t  
does with 1,1-dich loroethane. This adds weight to the 
argument tha t attack a t pos ition  ( 1 ) in  1 , 1 -dich loroethane 
is  s te r ic a l ly  hindered (see Part One), In 1-chlorobutane there 
is  no rea l p o s s ib i l i ty  o f s te r ic  hinderance and so the s e le c t iv ity  
in  acety l ch loride is  comparable w ith the neat l iq u id .
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The reactions in  'complexing' so lvents show increased attack 
at positions (2) and (3). Within experimental e rro r, the 
attack at pos ition ( 1 ) does not vary tremendously w ith 
so lvent. Nitrobenzene does not increase the s e le c t iv ity  
as much as benzene. This is  probably due to the electron 
wi th  d r awing e ffe c t o f the n itro  group on the aromatic 
nucleus. This is  in  agreement w ith the theory o f IT 
complex formation, the more e lectron r ich  an aromatic 
nucleus is  the more l ik e ly  i t  w i l l  form a 'IT complex'.
X / X
1
Thus w ith nitrobenzene the above equilib rium  w i l l  not be 
as fa r to the r ig h t as i t  w i l l  in benzene, so benzene is  
a more se lective  'complexing' so lvent. Russell^^ observed 
s im ila r resu lts  when ch lo r ina tin g  2,3-dimethy l butane.
The s e le c t iv ity  in carbon disu lph ide is  even higher than 
in  benzene. This is  due p a rt ly  to the fa c t tha t i t  was 
used in a s l ig h t ly  h igher concentration and so the equi­
lib rium  w i l l  be fu rth e r to the r ig h t.
Unfortunate ly, a study o f the ch lo r ina tion  o f 1-chlorobutane 
in a wide va rie ty  o f perfluo r ina ted so lvents could not be 
undertaken because i t  is  immiscib le in  most o f them. However, 
1-chlorobutane was m iscib le w ith perfluoro-N-methyl morpholine. 
The ch lo r ina tion  in  th is  so lvent y ie lded a s e le c t iv ity  h a lf 
way between neat l iq u id  phase and gas phase. This is  s im ila r 
to the s e le c t iv it ie s  obtained w ith 1 , 1 -dich loroethane (see 
Part One) and adds fu rth e r weight to the argument tha t the 
in e rt perfluorosolvent breaks up the solvation o f reactants 
and mimics gas phase conditions in the l iq u id  phase.
Table 13 shows the s e le c t iv it ie s  fo r  ch lo r ina tion  o f 
1 -ch lorobutane by various reagents in the l iq u id  phase.
The figures show tha t some reagents are more se lective than 
ch lo r ine .
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t-B u ty l hypochlorite , trich lo rom ethyl sulphonyl ch loride and 
ch lorine monoxide give considerab ly more attack at pos ition 
( 1 ). Walling^^ concluded tha t the t-butoxy rad ica l is  more 
sensitive to resonance e ffec ts  than the ch lorine atom but 
exh ib its  s im ila r po lar properties.
Perhaps a be tte r way o f exp la in ing the higher s e le c t iv ity
using these radica ls is  tha t they have a higher oC value
1 2than the chlor ine atom in  the Evans-Polyani re la t ionsh ip . 
In other words, w ith these rad ica ls  bond strengths are more 
important than po lar e ffe c ts , and these have more say in 
determining the s e le c t iv ity .  The hydrogen abstraction 
reactions w ith these rad ica ls  w i l l  be more endothermie 13than abstraction by ch lo r ine atoms and so, by the Hammond 
postu la te, bond strength must play a more important ro le , 
because there is  more bond breaking in the tra n s itio n  sta te . 
I t  is  also in te res tin g  to compare the s e le c t iv ity  using 
su lphuryl ch loride and trich lo rom ethyl sulphonyl ch lo r ide . 
The two abstracting rad ica ls  d i f fe r  on ly in  tha t one has 
the more powerfu lly e lectron w ithdrawing - CClg - group 
attached. This seems to be enough to lower the re a c t iv ity  
o f the radica l and g ive a much more se lective  process.
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The ch lo r ina tion  o f 1-substitu ted  butanes
The resu lts  fo r  the l iq u id  phase ch lo r ina tion  o f some 
1 -substitu ted  butanes in non-complexing media are shown 
in Table 14. Also included is  the s e le c t iv ity  fo r  the 
ch io rjna tion  o f 1- n i trobutane (see Part Four).
Table 14 Relative s e le c t iv it ie s  fo r  the l iq u id  phase 
ch lo r ina tion  o f various 1 -substitu ted butanes 
at 20°C
SOLVENT SCH3  - %- CHg - - CH, -
C<
" CH, - X Ref.
CCI* 1 . 0 0 2.95 2.95 1 . 0 0 -H 15
Neat 1 . 0 0 2 . 6 8 1.38 0.36 -Cl This work
Neat 1 . 0 0 2.55 0.83 0 . 0 2 -CF3 II II
CFgCl CFClg 1 . 0 0 1.90 0.89 0.45 -F II II
Neat 1 . 0 0 2.17 0.84 0.16 . -CN II II
Neat 1 . 0 0 2.48 1 . 2 2 0.08 -COCl II II
CCI 4 1 . 0 0 2.31 0.37 0 . 0 1 -NO, Part 4
When the resu lts  in  Table 14 are compared w ith the gas phase 
resu lts  (Table 5 ), one th ing is  immediately apparent; the 
s e le c t iv it ie s  as compared to n-butane show tha t the inductive 
e ffe c t deactivates the p o s i t i o n a s  we ll asoC and ^  to the 
substituent. This is  in  keeping w ith the observations of 
Singh and T e d d e r ? ^ T h e  resu lts  should be treated w ith a 
certa in  amount o f caution when comparing w ith tha t fo r  n-butane 
because in  a l l  p ro b a b ility  in  the l iq u id  phase the deactivating 
e ffe c t o f the substituent extends to position 6  . However, 
analogies w ith the gas phase data are apparent. In the gas 
phase the substituents which most deactivate t h e ^  position  
are -NOg'> -CFg -C N ^ -F . (For the gas phase resu lts  of 
1- n i trobutane see Part Four) This same trend also ex is ts  
in l iq u id  phase ch lo r in a tio n .
0 0
The re a c t iv ity  o f theoC position  is  a balance between the 
deactivating po lar inductive e ffe c t and the ac tiva ting  
resonance s ta b i l iz a tio n  o f the in c ip ie n t rad ica l.
Comparing gas and l iq u id  phase data resonance s ta b i l iz a tio n  
appears to be less important in  the l iq u id  phase. I t  is  
most apparent in 1 -ch lorobutane and 1 -fluorobutane.
Attack a t the oC pos ition  where -CN, -COCl and -NO, are the 
substituents is  very low and so there must be very l i t t l e  
resonance s ta b i l iz a tio n  in  these cases. When -CF^ is  the 
substituent there is  very l i t t l e  attack at theoC pos ition , 
but no resonance s ta b i l iz a tio n  would be antic ipated in  
th is  case anyway.
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Table 15 RSp values fo r  ch lo r ina tion  o f 1-substitu ted 
butanes in Benzene
RS REFERENCE
CONC. CH3  -
W
p- CHg -
w
CHg - CH2  - X
9M, 6 8 ° 1 . 0 0 5.11 5 . 1 1 1.00 H 16
3.8M 1.00 5.99 2.14 0.39 Cl This work
4.4M * 1.00 4.51 — " 0.42 F (I "
7.5M + 1.00 4.85 0.99 0.00 CF3 1 II
4.67M 1.00 4.10 0.91 0.02 CN II II
5.34M 1.00 6.09 1.34 0.04 COCl II II
7.20M 1.00 4.82 0.44 0.00 NOg Part 4
(+ This reaction was done in chlorobenzene because benzene 
obscured two of the products in  the g . l . c .  analys is)
(*  No attack a t position  2 was determined because the so lvent 
obscured the product in the g . l . c .  analys is)
Table 16 RSp values fo r  ch lo r ina tion  o f 1-substitu ted 
butanes in  carbon disu lph ide
SOLVENT RS: REFERENCE
CH3  -  
(&)
' CHg -  
(%)
CHg — 
(#)
CHp - 
(«)
X
11.2M 1.00 9.93 9.93 1.00 H 16
3.8M 1.00 9.16 2.89 0.77 Cl This work
6.5M 1.00 5.55 1.43 0.49 F II II
12.6M 1.00 10.30 1.59 0.00 CF3 II II
10.7M 1.00 7.17 1.28 0.07 CN II II
4.0M 1.00 6.00 1.48 0.05 COCl II II
03
The analogy can be drawn w ith the e ffec ts  o f a substituent
on a benzene ring . For example, a chlorine atom attached
to a benzene ring  withdraws e lectrons by i t ' s  inductive
e ffe c t, and donates them by a resonance e ffe c t. This is
s im ila r to the ac t iva tion  and deactivation of theoc position
in 1 -substitu ted butanes by inductive and resonance e ffe c ts .
Fig. 11 shows a rough co rre la t ion  between log RS  ^ and the ftfi PHammett cr values fo r  the para pos ition o f the equiva lent
aromatic compound. The value ( i .e .  the slope o f the
graph) is  negative, and th is  is  reasonable fo r  a reaction
invo lv ing e lectron demand. A be tte r co rre la t ion  cannot
re a l ly  be expected, because the Hammett cr values are
obtained fo r  studies on qu ite  d iffe re n t systems. However,
i t  does give fu rth e r support to the argument that inductive
and resonance e ffec ts  in  atomic ch lo r ina tion  o f substituted
alkanes and the e ffec ts  o f substituents on aromatic re a c tiv ity
are analogous.
Tables 15 and 16 show the e ffec ts  o f complexing so lvents on 
the re la t iv e  s e le c t iv it ie s  in the series o f 1 -substitu ted 
butanes. As expected the s e le c t iv it ie s  are much higher 
than those in  the neat l iq u id  phase reactions. Assuming 
tha t s e le c t iv ity  does not vary too much with complexing 
so lvent concentration once a certa in  level has been reached 
(the ch lo r ina tion  o f 1 , 1 -dich loroethane over a benzene 
concentration range done in Part One seems to ind icate 
th is )  one or two conclusions may be drawn from th is  data.
The deactivating po lar inductive e ffe c t s t i l l  seems to 
be apparent w ith some substituents. Attack at position 
X in  the cases where -F, -NOg, -CFg and -CN are the 
substituents seems to be s l ig h t ly  less in the unsubstituted 
butane. However, when the substituent is  -C l, and in 
benzene -COCl, attack a t pos ition  % is  increased i .e .  the 
deactivating e ffe c t is  not as strong. Thus in a complexing 
so lvent the repuls ive e ffec ts  are lessened the fu rth e r away 
the hydrogen atom is  from the substituent. This may be 
compared to the neat l iq u id  phase s itua tion  d iag ram atica lly :-
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Neat l iq u id :
H -f— ^
X CHgCHg C ..........  H   Cl VI
Complexing so lvent:
H
X CHgCHg C .........  H   Cl VII
The strength o f the d ipo le moment set up during the abstraction 
process in the complexing so lvent would be less than tha t o f 
an uncomplexed chlor ine atom. Therefore, the repu ls ive 
e ffe c t w ith the dipo le due to the substituent would be less 
in  a complexing so lvent and th is  must lead to greater 
re a c t iv ity .  The lower re a c t iv ity  o f the termina l hydrogens 
may be due to the lowering o f overa ll s ta rt in g  energy o f 
the reactants by the complexing so lvent. This would cause 
a greater d iffe rence in ac tiva tio n  energy between primary and 
secondary hydrogen abstraction and help towards increasing 
the s e le c t iv ity .
Further evidence tha t the deactivating e ffe c t o f an e lectron 
w ithdrawing substituent is  transm itted fu rth e r along the chain 
than in  the gas phase can be found in  Tables 17, 18 and 19.
sTable 17 RS^  values fo r  the ch lo r ina tion  o f long chain 
acid ch lorides in  the l iq u id  phase
C — C — C — C — C — C — COCl
1 . 0 0 2.48 1 . 2 2 0.08
1 . 0 0 1.78 1.54 0.79 0.03
1 . 0 0 2.53 2.33 1.56 0.61 0.03
j
05
Table 18 RS^  values fo r  the ch lo r ina tion  o f long chain 
acid ch lorides in  benzene
SOLVENT
CONC. C -  C. — C - C — C — C — COCl
5.34 1 . 0 0 6.09 1,34 0.04
7.77 1 . 0 0 6.39 4.83 1.25 0 . 0 0
6.98 1.00 5.23 7.67 3.97 0.75 0 . 0 0
Î
Table 19 RSn values fo r  the ch lo r ina tion  o f long chain— p------ - ----------- —— —------------------- - --------——------
acid ch lorides in  carbon disu lph ide
SOLVENT
CONC. C --  C — C — C — C — C — COCl
3.94 1 . 0 0 6 . 0 0 1.48 0.05
4.58 1 . 0 0 7.77 5.86 0.98 0 . 0 0
5.14 1 . 0 0 8.63 8 . 6 6 4.51 0.70 0 . 0 0
The s e le c t iv it ie s  fo r the ch lo r ina tion  o f acid ch lorides neat in
the l iq u id  phase does show increasing s e le c t iv ity  along the length
2*5o f the carbon cha in. Singh and Tedder have a ttr ib u te d  the e ffe c t 
o f the substituent beyond t h e p o s i t io n  to fa c i l i ta te d  charge 
separation in  the tra n s itio n  sta te . The s e le c t iv ity  does seem 
to reach a constant value a t the & and 6  carbon atoms in  
heptanoyl ch lo r ide .
S im ila r ly , in complexing so lvents, the inductive influence can 
be seen up to the carbon atoms S and G from the substituent. 
However, the increased s e le c t iv ity  in  these so lvents can 
probably be a ttr ib u te d  to the decreased repu ls ive e ffec ts  in  
the tra n s itio n  states shown in VI and V II,  the deactivating 
e ffe c t o f the substituent becomes less and less along the 
chain and in both benzene and carbon disu lph ide s im ila r 
s e le c t iv it ie s  are found a t the S and G atoms in heptanoyl 
ch lo r ide.
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PART THREE
Introduction
The Ch lorination o f 1,4-D isubstitu ted Butanes
This work was undertaken to see how the substituents at 
each end o f a butane chain a ffe c t the d is tr ib u tio n  o f 
ch lorinated products. Tedder^^’ ^^ has proposed tha t in  
gas phase ha logénation, the inductive e ffe c t o f the 
substituent has no influence beyond th e ^  pos ition . This 
being the case, gas phase ch lo r ina tion  o f a 1,4-d isubstitu ted 
butane ought to give a ra t io  o f thecX and ch loro products 
s im ila r to the ra t io  found in  the respective 1 -substitu ted 
butane.
Ch lorination o f 1,4 -d isubstitu ted  butanes in the l iq u id  phase 
ought to y ie ld  more information about the influence o f the 
inductive e ffe c t o f a substituent along an alkane chain.
Very l i t t l e  work seems to have been done on the ch lo r ina tion
o nof 1,4-d isubstitu ted  butanes. Horner and Sch lafer chlorinated
1.4-dich lorobutane but only appeared to detect one product:
1.2 .4 -tr ich lo robu tane . In a series o f competitive 
ch lo r inations using t-b u ty l hypochlorite M igita e t a l^^ chlorinated
1.4-dich lorobutane but give no information about the product 
d is tr ib u tio n .
As we ll as 1,4-d ich lorobutane, the ch lo r ina tion  of 1,4-difluorobutane, 
l-ch lo ro -4-fluoro -bu tane and 5-chlorovaleryl ch loride were studied.
The ch lo r ina tion  o f these compounds does not appear to have been 
studied previous ly.
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Experimental
Materia ls
Chlorine was used as supp lied by B r it is h  Oxygen Company.
1.4-dich lorobutane (B.D.H.) was p u rifie d  by d is t i l la t io n  
and the p u rity  checked by gas l iq u id  chromatography.
5-ch loro va le ry l ch lor ide (A ld r ich ) was used as supp lied.
Again a l l  solvents were used as supplied by the manufacturers.
1.4-difluorobutane and 1-ch loro-l-fluorobutane were 
synthesised. 1 -fluorobutane was synthesised as described 
in  Part 2.
Preparation o f 1,4-d ifluorobutane^^
R ed is tille d  ethylene glycol (300ml) was placed in a 500ml 
round bottomed three necked fla sk  along w ith anhydrous 
potassium f lu o r id e  (2.5 moles, 145g). A s t i r r e r ,  dropping 
funnel and d is t i l la t io n  column were attached to the three 
necked fla sk . The contents were heated to 160°c then
1.4-d ich lorobutane (1 mole, 111ml) added slowly. The 
product formed almost immediately, and was collected in to  
a 50ml round bottomed flask  from the d is t i l la t io n  column.
The 1,4-d ifluorobutane was fu rth e r p u r if ie d  by preparative 
gas l iq u id  chromatography using a 1 2 ' glass column packed 
w ith 25% t r i t o l y l  phosphate.on'Embacel' at 110°c,
1.4-d ifluo robutane:
n.m .r. S = 1.6 and 1,9 (doublet o f m u lt ip le ts , = 24 Hz,
4H, FCHgCHgCHgCHgF)
= 4.2 and 4.8 (doublet o f t r ip le ts ,  = 48Hz, = 12Hz
4H, FCHgCHgCHgCHgF)
I Ü 8  V
1
Preparation o f 1-ch1oro-4-f1uorobutane^^
R ed is tille d  Dimethyl formamide (300ml) was placed in  a 500ml 
round bottomed three necked fla sk  along w ith anydrous potassium 
f lu o r id e  ( 2  moles, 116g). A s t i r r e r ,  dropping funnel and 
condenser were attached to the three necked fla s k . The contents 
were heated to 130°c and then 1,4-d ich lorobutane (1 mole, 111ml) tj
added slowly. The m ixture was s tir re d  fo r  several hours.
The product was extracted from the dimethyl formamide by the 
addition o f water. I t  was then extracted w ith ether, dried 
and p u rifie d  by preparative gas l iq u id  chromatography. The 
column was 12' glass packed w ith 25% t r i t o l y l  phosphate on 
'Embacel' at 120°c.
1-c h io ro -4 -f1uorobutane
n.m .r. = 1.5-2.1 (complex, 4H, FCHgCHgCHgCHgCl)
= 3 .6 ,( t r ip le t ,  J = lOHz, 2H, FCHgCHgCHgCHgCl)
= 4.2 and 4.7 (doublet o f t r ip le ts ,  = 4.5Hz,
" T0Hz2H, FCHgCHgCHgCHgCl )
Apparatus and Procedure
Gas Phase Reactions: Gas phase experiments were carried out
on the same s ta t ic  system described in Part One. The procedure 
was e sse n tia lly  the same except tha t i ) lower reaction pressures 
were used due to the low v o la t i l i t y  o f the reactants, i i )  the 
products were co llected using the apparatus depicted in Fig. 12.
A sma ll co lle c t in g  tube was blown at the bottom o f the reaction 
vesse l. At the end o f the reaction th is  was immersed in l iq u id  
nitrogen and the products given time to condense. The bottom 
manifold o f the vacuum l in e  (see F ig .12) was f i l le d  w ith nitrogen.
This was then added to the reaction vessel and the pressure 
ra ised. The process was repeated u n ti l the pressure inside the 
reaction vessel was about equal to atmospheric pressure. The 
vessel was then removed from the l in e  and the sample tube cut 
o f f  and stored. The m ixture was then analysed by gas l iq u id  
chromatography.
. J .
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0l iq u id  Phase Reactions: A ll reactions in  the l iq u id  phase were
carried out in the same way as described in  Part One.
Ana lysis o f the Products
The products o f a l l  the reactions were analysed by gas l iq u id  
chromatography (see Part One). Three types o f column were 
used: a 6 ' glass column packed w ith 25% t r i t o l y l  phosphate
(T.T.P .) on 80/100 mesh 'Embacel', a 12' glass column packed 
w ith 25% T.T.P. on 80/100 mesh 'Embacel' and a 10' glass 
column packed w ith 40% T.T.P. on 80/100 mesh ' Chromasorb'.
The products o f the ch lo r ina tion  o f 1,4-dich lorobutane were 
assumed to elute in the order 1 ,1 ,4-trich lo robutane and
1,2 ,4 -tr ich lo robu tane . This was based on th e ir  bo ilin g  
po ints: CHgCCl)CH2 CH(C1 )CH2 C1 (B.p.^g = 63°C)®^ and
CHgfCljCHgCHgCHCIg (B.p.^ gg =
As no information could be found on the products o f the 
ch lo r ina tion  o f 1,4-difluorobutane th e ir  id e n tit ie s  were 
determined by preparative gas l iq u id  chromatography using 
a 6 ' column packed w ith 25% t r i t o l y l  phosphate at 110°c followed 
by n.m .r. spectosoopy.
1 -ch lo ro -l,4 -d if luo robu tan e :
n.m .r. S= 1.7-2.5 (complex, 4H, FCH2 ÇH2 ÇH2 CHCIF)
& = 4.3 and 4.8 (doublet o f t r ip le ts ,  J[^_p= 46Hz
Jh- h"  12Hz 2H, FCHgCHgCHgCHClF)
^ = 5.9 and 6 . 6  (doublet o f t r ip le ts ,  H^_p=50Hz
JH_H= lOHz IH, FCHgCHgCHgCHClF)
2 -ch lo ro -l,4 -d if luo rob u tan e :
n.m .r. & = 2.1-2.9 (complex 3H, FCHgCHjCHCCljCHgF)
S = 4.1-4.5 and 4.8-5.1 (complex 4H, FCH2 CHgCH(Cl)CH2 F)
%l•=
a
The e lu tion  order was estab lished as 1 -ch lo ro -l,4 -d ifluo robutane 
and 2 -ch lo ro -l,4 -d ifluo robu tane .
The products o f the ch lo r ina tion  o f l-ch loro-4-fluorobutane could 
not be resolved properly so no attempt was made to id e n tify  them. 
I t  was assumed tha t the e lu t ion  order would be 1,1-d ich lo ro - 
4 - flu o ro -, l,2 -d ic h lo ro -4 -flu o ro , 1,3-d ich loro-4~ flu o ro , and
1.4 -d ich lo ro -4 -fluo ro . The la s t three isomers could not be 
resolved by any o f the columns used.
The products o f the ch lo r ina tion  o f 5-ch lorovaleryl chloride 
were id e n tif ie d  by both preparative gas l iq u id  chromatography 
/n .m .r. spectroscopy and synthesis. The esters o f the 
reaction products were formed by the addition o f methanol.
This made separation by g . l . c .  eas ier. Prep, g . l . c .  gave 
the 5,5-d ich lo ro  isomer and a mixture o f the 3,5- and
4.5-dich loro isomers. The 2,5-dich loro isomer was formed 
in  small quantities  and could not be iso la ted.
Methyl-5 ,5-d i chiorova l erate
n.m .r. S = 1.7-2.5 (complex 6 H, CI2 CHCH2 ÇH2 ÇH2 COOCH3 )
S= 3.7 (s in g le t, 3H, CI2 CHCH2 CH2 CH2 COOCH3 )
S= 6 . 8 ( t r ip le t ,  J = lOHz, IH, ClgCHCHgCHgCHgCOOCHg)
Methyl-4 ,5-d ich iorova le rate and methyl-3 ,5-d ich iorova lerate 
n.m .r. ?> = 1 .8 -2 . 6  (complex, 4H, C1 CH2 CH(C1 )CH,CH2 C0 0 CH3
C1CH20^CH(C1 )CH2C00CH3)
&= 2.5 ( t r ip le t ,  2H, C1 CH2 CH(C1 )CH2 ÇH2 C0 0 CH3 )
S= 3.8 (Doub let, 2H, C1 CH2 CH2 CH(C1 )CH2 C0 0 CH3 )
S= 3.6-3.9 (complex, lOH, C1 CH2 CH(C1  )CH2 CH2 C0 0 CH3  
ClCHgCHgCHlCl)CH2 C0 0 CH3 )
S= 4.0-4.3 (complex, IH, C1 CH2 CH2 ÇH(C1 )CH2 C0 0 CH3 ) 
8 = 4.4-4.7 (complex, IH, C1 CH2 ÇH(C1 )CH2 CH2 CD0 CH3 )
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To d is tingu ish  between the 3,5 and 4,5-dich loro isomers the 
methyl ester o f 4 ,5 -d ich lo rova le r ic  acid was synthesised.
A l ly l prop ionic acid (F luka) was reacted w ith ch lo rine gas fo r  a 
short time in the dark. The mixture was then d is t i l le d  under 
re flu x  w ith th iony l ch loride (B.D.H.) fo r  about one hour.
The excess th iony l ch loride was d is t i l le d  o f f  and the res idua l 
ac id ch lo ride was reacted w ith excess methanol. The m ixture 
was then analysed by g . l .c .  using a 1 2 ' glass column packed 
w ith 25% T.T.P. a t 150°c. This column could separate the 
3,5 and 4,5-d ich loro isomers a fte r  about four hours e lu tion  
time. Although the synthetic mixture was quite impure a peak 
appeared w ith the same re tention  time as one o f the d ich lo ro 
isomers from a reaction mixture and th is  peak was therefore 
assigned as tha t o f the methyl ester o f 4 ,5-d ich lo ro  va le r ic  
acid.
C l .
CHg = CH CHgCHgCOOH  f  > C H ^ c ta .(,C l) CHgCHgCOOH
son 2
Cl CH2CH-(C1) CH2CH2COOCH3 /  CH^CllCH (Cl)CH2CH2C0Cl
Using a shorter column a fou rth  peak could be assigned.
This was assumed to be the methyl ester o f 2 ,5 -d ich lo rova le r ic  
acid. A 6 ' glass column packed w ith 25% T.T.P. on Embacel 
at 150°c was used to determine the d is tr ib u tio n  o f the 2,5- 
and 5,5-dich loro isom ers. A 12' glass column packed w ith 
25% T.T.P. on 'Embacel' was used to determine the d is tr ib u tio n  
o f the 3,5-4,5- and 5 ,5 -d ich lo ro  isomers.
if;...
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Ch lorination o f 1,4-dich1orobutane
Gas Phase: Temperature: 120°c
Column: 12' 25% T.T.P. on 'Embacel' a t 150°c
(Cl — CHg — CHg -
% D is tr ib u tio n : 33.14 6 6 . 8 6
34.15 65.85
34.64 65.36
34.50 65.50
33.32 6 6 . 6 8
Mean: 33.95(+0.68) 66.05(+0.68)
RS^  1.00 1.95(+0.06)
Liquid Phase: Temperature: 20^c
Column: 12' 25% T.T.P. on 'Embacel' a t 150°c
(Cl — CHg — CH2  —
% D is tr ib u tio n : 28.22 71.78
28.32 71.68
31.83 68.17
29.82 70.18
28.30 71.70
Mean: 29.30(+1.57) 70.70(+1.57)
RS^  1.00 2.42(+0.17)
Benzene: Temperature: 20°c
Column: 12' 25% T.T.P. on 'Embacel' a t 150°c
(SOLVENT) = 3.98 
(SUBSTRATE)
(Cl
% D is tr ib u tio n :
^ ^ 2 CH2  -
32.86 67.14
32.55= 67.45
33.49 66.51
32.41 67.59
32.83(+0.48) 67.17(40.48)Mean :
2
•^ 1^ 1.00 2.05(+0.
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Ch lorination o f 1 ,4-difluorobutane
Gas Phase: Temperature: 115°c
Column: 6 ' 25% T.T.P. on 'Embacel' at 110 c
(F — CH2  — CH2  —
% D is trib u tio n : 41.24 58.76
42.71 57.29
44.66 55.34
42.86 57.14
42.68 57.32
Mean : 42.83(41.22) 57.17(44.22)
RS^ 1 . 0 0 1.34(40.07)
Liquid Phase: Temperature: 20°c
Column: 6 ' 25% T.T.P. on ' Embacel' at 1 1 1
(F — CH2  - CH2  -
% D is trib u tio n : 38.23 61.77
39.18 60.82
38.40 61.60
39.14 60.86
38.59 61.41
Mean: 38.71(40.43) 61.29(40.43)
RS^ 1 . 0 0 1.58(40.03)
Benzene: Temperature: 2 0 °c
Column: 6 ' 25% T'.T.P. on 'Embacel' at 110 c
(SOLVENT) = 3.72
(SUBSTRATE)
(F —— CH2  - CH2  -
% D is tribu tion 45.83 54.17
44.97 55.03
44.41 55.59
41.17 58.83
43.75 56.25
15 ■i
Mean 44,03(41.77) 55.97(41.77)
RS: 1.00 1.27(40.09)
Gas Phase Ch lorination o f 1-fluorobutane
Temperature: 115°c
Column:
% D is tr ib u tio n :
25% T.T.P. on ' Embacel' at 1 1 0 °c
CHs -
^ ^ 2
- -  GHg - - CH^ F
20.84 45.63 2 1 . 1 2 12.42
20.59 45.57 2 0 . 1 1 13.73
22.32 45.87 21.08 10.74
21.35 45.76 21.45 11.44
Mean
RS;
21.28(40.77)
1.00
45.71(40.13) 20.94(40.58)
3,23(40.10) 1.48(40.05)
Gas Phase ch lo r ina tion  o f l-ch lo ro-4-fluorobutane
Temperature:
Columns:
115°c
12' 25% T.T.P. on 'Embacel' a t 120°c
10' 40% T.T.P. on 'Chromasorb' a t 145°c
10' 40% T.T.P. on 'Chromasorb' a t 12cfc
Cl
% D is tribu tion :
CH2
19.35
16.79
17.62
CH, CH,
80.65
83.21
82.38
12.08(41.30)
0.85(40.11)
4
CH,
Mean: 17.92(41.31) 82.08(41.31)
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Ch lorination o f 5-ch lorovaleryl ch loride
Gas Phase: Temperature : 130°c
Column: 6 ' 25% T.T.P. on ' Embacel' a t 150°c
Cl — CHe - CHg — cua - CHgCOCl
% D is tr ib u tio n : 8 6 . 1 0 — — — — 13.90
85.78 14.22
85.10 - “ 14.90
Mean: 85.66(40.51) 14.34(40
Column: 12’ 25% T.T.P. on ' Embacel' a t 140°c
Cl — CH^  - CHg - CHg — CHgCOCl
% D is tr ib u tio n : 17.77 39.67 42.56 —B —t
21.64 39.09 39.27
19.94 39.80 40.26
Mean: 19.78(41.94) 39.52(40.38) 40.70(41.69)
Total % D is tr ib u tio n :
Cl — CH2  - CH2  - CHg - CHgCOCl
19.15 38.25 39.40 3.20
RS^ 1 . 0 0 2 . 0 0 2.06 0.17
L iquid Phase: So lvent: Carbon Tetrachloride (S0LVENT)/(SUBSTRATE)=6.6:
Temperature: 20°c
Column: 6 ' 25% T.T.P. on1 'Embacel' a t 150°c
Cl — CH2  - CHg - CH2  - CHgCOCl
% D is tr ib u tio n : 84.77 M  « w  —a 15.23
82.10 - - --- 17.90
89.94 — — --- 16.06
87.34 — - , --- 1 2 . 6 6
Mean: 84.54(42.18) --- 15.46(42,
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Column: 12' 25% T.T.P. on ' Embacel' a t 140°c
Cl — CHg - • CH2  - ■ CH^  - CHg-COC
% D is trib u tio n : 32.55 48.82 18.63 M —
36.04 44.59 19.37 -------
31.92 48.38 19.70 — -
36.44 46.20 17.36 " -
32.30 48.33 19.37
Mean : 33.85(4-2.20) 47.26(41.81) 18.89(40.94) -
Total % D is trib u tio n :
Cl — CH2  - CHg - CHg - CHgCOCl
31.88 44.51 17.79 5.82
RSg 1 . 0 0 1.40 0.56 0.18
Solvent: Benzene
Temperature: 2 0 °c (SOLVENT)/(SUBSTRATE) = 7.29
Column: 6 ' 25% T.T.P. on ' Embacel' at 150°c
Cl — CHg - CHg - CHg - CHgCOCl
% D is trib u tio n : 94.51 — — — — 5.49
94.69 — “ 5.31
96.86 3.14
95.35 — - -- 4.65
Mean: 95.35(41. 07) 4.65(41
Column: 12' 25% T.T.P. on 'Embacel' at 140°c
Cl — CH2  - • - CHg - CHgCOCl
% D is tr ib u tio n : 21.84 ,17.83 30.33 H.
21.51 45.10 33.39
19.72 47.21 33.00 “ —
22.48 44.92 32.60
■î
----------------------------------------------------------------------------------
Mean: 2 1 .3 9 ( f l. l8 )  46 .27 {fl.47 ) 32.33(+1.37) |
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Total % D is tr ib u tio n :
Cl — CHg — CHg — CHg — CHgCOCl
21.17 45.80 32.00 1.03
RSg 1.00 2.16 1.51 0.05
Solvent: Carbon d isu lph ide
Temperature: 20°c |
(SOLVENT)/(SUBSTRATE) = 10.71 
Column: 6 ' 25% T.T.P. on 'Embacel' at 150°c
Cl — CHg — CHg — CHg — CHgCOCl
% D is tr ib u tio n : 94.15 — - -  5.85
93.13 - -  — 5.87
93.33 — — 6.67
91.49 - -  - -  8.51
92.40 - -  - -  7.60
Mean: 92.90(+1.00) 7.10(+1.00)
Column: 12' 25% T.T.P. on 'Embacel' at 140°c
Cl — CHg — CHg — CHg -  CHgCOCl
% D is tr ib u tio n : 22.76 47.08 30.16
22.37 47.52 30.11
22.03 47.06 30.91
22.40 47.24 30.36
Mean: 22.39(+0.30) 47.23(+0.21) 30.38(+0.37)
Total % D is tr ib u tio n :
Cl — CHg — CHg — CHg — COCl I
22.01 46.44 29.87 1.68
RSg 1.00 2.11 1.36 0.08
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DISCUSSION
Tables 20, 21 and 22 show the s e le c t iv it ie s  fo r  the ch lo r ina tion  
o f the 1,4 -d isubstitu ted  butanes studied. The ch lo r ina tion  o f 
l-ch loro-4-fluorobutane was attempted but the products could not 
be s a t is fa c to r i ly  separated by any g . l .c .  column used and 
consequently the resu lts  have not been included fo r  d iscussion.
Table 20 Relative S e le c t iv it ie s  fo r  the gas phase ch lo r ina tion
o f 1,4 -d isubstitu ted  butanes
:l
Temperature Rs;
1 2 0 °c Cl -  CH3  - CHg - CH2  - ' CHgCl
1 . 0 0 1.95 1.95 1 . 0 0
115°c F CM, - CHg - CH2  - - CHpF
1 . 0 0 1.34 1.34 1 . 0 0
130°c Cl -  CHg - CHg - CHg - CHgCOCl
1 . 0 0 2 . 0 0 2.06 0.18
Table 21
SOLVENT
Relative s e le c t iv it ie s  fo r  the ch lo r ina tion  of
1,4 -d isubs titu ted  butanes in non-complexing media 
a t 2 0 °c
RS
NEAT
NEAT
CARBON TETRA­
CHLORIDE
Cl — 
F —
Cl —
CH2 - CH2 - CH2 - CH2 - Cl :
1 . 0 0 2.42 2.42 1 , 0 0 .A
CH2 - CH2 - CHg - CHg - F
1 . 0 0 1.58 1.58 1 . 0 0
CHg - CH2 — CH2 - CHg - COCl 5
1 . 0 0 1.40 0.56 0.18
T a b le  22
SOLVENT
I 2 0
Re lative s e le c t iv it ie s  fo r the ch lo r ina tion  o f
1,4 -d isubstitu ted  butanes in  'complexing' media 
at 2 0 °c
RS:
BENZENE Cl — CH2  — CHg - - CHg - CHg
1 . 0 0 2.05 2.05 1 . 0 0
BENZENE F — CHg — CH2  - ■ CH2  - CHg
1 . 0 0 1.27 1.27 1 . 0 0  .
BENZENE Cl — CHg - CH2  - ■ CHg - CH2
1 . 0 0 2.16 1.51 0.05
CARBON
DISULPHIDE 1 . 0 0 2 . 1 1 1.36 0.08
Cl
•COCl
One th ing is  immediately apparent from these re su lts ; the 
s e le c t iv it ie s  in the gas phase and 'complexing' media are quite 
comparable whereas the s e le c t iv it ie s  in 'non-complexing' media 
are s l ig h t ly  h igher. This can be p a rt ly  explained by ex is ting  
theory. In the gas phase the deactivating po lar inductive 
e ffe c t should only be e ffe c t ive  up to the c a r b o n f r o m  the 
substituent.
X CH, CH, CH, CH, ■> X V III
In complexing media, the inductive e ffe c t is  reduced to quite 
and extent, because the strength o f the dipo le set-up during the 
abstraction process is  diminished due to e lectron de loca lisa tion  
over the complexing so lvent molecule (see VI and V I,Part Two). 
Thus, the inductive e ffe c t extends along the cha in, but to a 
much sma ller extent than in 'non-complexing' media. In 
1 -substitu ted butanes, th is  leads to s im ila r s e le c t iv it ie s  in 
the gas phase and 'complexing' so lvents. In 1,4 -d isubstitu ted  
butanes th is  leads to s im ila r s e le c t iv it ie s  too.
X CHg -  CHg CHo -  CH, X IX
i
I 2 I
V III and IX depict the influence o f the inductive e ffe c t in the 
gas phase, and ‘ complexing' so lvents respective ly .
In 'non-complexing' media s e le c t iv it ie s  in  1,4 -d isubstitu ted  
butanes are higher. Here the inductive e ffe c t has been 
estab lished to be e ffe c tive  a l l  along the carbon chain X.
 »
X -CHg -  CHg -  CHg -  CHg-- X X
<--------------------------------------
1
This means tha t the 1 and 4 positions w i l l  be deactivated to 
some extent by the substituent at the fa r  end o f the molecule. 
This does not happen in the gas phase; indeed the 1 and 4 
positions w i l l  be activated due to  some degree o f resonance 
s ta b i l iz a tio n . Consequently increased s e le c t iv ity  would be 
expected in non-complexing media, and th is  is  indeed observed.
Comparing the resu lts  fo r  5-chlorovaleryl chloride with those 
fo r  1,4-dich lorobutane the competitive inductive e ffec ts  o f 
the two substituents can be seen. In 'non-complexing' media 
where the inductive e ffe c t is  e ffe c tive  a l l  along the carbon 
cha in, the acid ch lo r ide seems to be more deactivating than the 
ch lo rine substituent. In 'complexing' media, the deactivation 
is  not nearly so marked, but th is  can again be ra tiona lised  by 
the fa c t tha t the inductive e ffec ts  are p a r t ia l ly  diminished.
The gas phase resu lts  ind ica te tha t the substituents do not 
appreciab ly a ffe c t each other beyond th e ir  respective ^  
positions.
Considering the gas phase data more c lose ly , the resu lts  do seem 
to be s l ig h t ly  anomalous to ex is tin g  theory. Table 23 compares 
gas phase data fo r  1-substitu ted butanes and 1 ,4 -d isubstitu ted  
butanes.
22
Table 23 Comparison o f re la t iv e  s e le c t iv it ie s  o f 1-substitu ted 
butanes and 1,4 -d isubstitu ted  butanes fo r  gas phase 
ch lo r ina tion
TEMP°C X — CH^  - CH2  - CHg — CHg --  Y REFERENCE '
1 2 0 Cl - 1 . 0 0 1.95 1.95 1 . 0 0 - Cl This work
1 2 0 H - 1.54 6.37 2.91 1 . 0 0 -C l This work
115 F~ 1 . 0 0 1.34 1.34 1 . 0 0 - F This work
115 H - 1.18 3.23 1.74 1 . 0 0 -F This work
130 Cl - 1 . 0 0 2 . 0 0 2.06 0.18 -COCl This work
1 2 0 C l- 1 . 0 0 2.91 6.37 1.54 -H This work
130 H - 1 . 0 0 4.08 2 . 0 0 0.18 - COCl 45
I f  i t  is  true tha t in  gas phase ch lo r ina tion  reactions the 
substituent does not have any e ffe c t beyond th e ^  position^^*^^ 
i t  would be reasonable to expect the P /cx. rations in  1 -substitu ted 
butanes to be comparable to those in  1,4 -d isubstitu ted  butanes. 
Table 23 c le a rly  shows tha t th is  is  not the case. In fa c t , i t  
is  on ly the acid ch lo ride group tha t has a s i m i l a r r a t i o  
in both cases. When the substituent is  ch lorine or f lu o r in e , 
the /(X  ra t io  is  less in  the 1,4 -d isubstitu ted  butane than 
in the 1-substitu ted butane. I t  is  worth noting tha t the main 
evidence fo r the in d ic t iv e  e ffe c t not going beyond t h e p o s i t i o n  
in  the gas phase comes from experiments on 1 -substitu ted alkanes 
w ith acid ch loride and acid f lu o r id e  the substituents 
In the l ig h t  o f the evidence h e re ,it may be advisable to re­
investigate th is  e ffe c t using other substituted alkanes.
I t  is  possib le tha t the present theory does not wholly expla in 
the d ire c tive  e ffec ts  in  ch lo r ina tion  reactions. At present, 
the genera lly accepted view is  tha t the attack a t the ok position 
is  mainly governed by the resonance s ta b iliz a tio n  o f the in c ip ie n t 
radica l by the substituent. I t  may be th a t, as well as polar 
and resonance e ffe c ts , s te r ic  e ffec ts  are important. However, 
considerable theore tica l ca lcu la tions w i l l  be requ ired to 
e luc idate th is .
PART FOUR
The Halogénation o f 1-nitrobutane
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PART FOUR
The halogénation o f 1-nitrobutane 
INTRODUCTION
Tedder and co-workers have studied the halogénation o f an 
extensive series o f 1 -substitu ted  alkanes?^’ ^^
The e ffe c t o f both electron w ithdrawing and e lectron 
repe lling  substituents have been studied. I t  has been 
constantly found tha t only pos ition 1 and 2  are affected 
in gas phase ha logénation. Position 2 is  nearly always 
deactivated due to the po lar inductive e ffe c t of the 
substituent. Position 1 is  deactivated by e lectron 
w ithdrawing groups and activated to some extent by e lectron 
repe lling  groups. I t  was decided to extend th is  study 
fu rth e r by investiga ting  the ch lo r ina tion  and bromination 
o f 1 -n itrobutane.
The halogénation o f nitroa lkanes does not seem to have 
been well stud ied. Emr^^ attempted the l iq u id  phase 
ch lo r ina tion  o f 1 -n itrobutane and estimated the formation 
o f equal amounts o f 4 -ch lo ro -l-n itrobu tane  and 3 -ch lo ro -l-  
n itrobutane. This was done before the advent o f gas l iq u id  
chromatography and consequently requ ires re -inves tiga tion . 
The l iq u id  phase ch lo r ina tion  o f 1-nitropropane using 
t-b u ty l hypochlorite was studied by Walling^^ The resu lts  
ind ica te a powerful deactivating e ffe c t due to the n itro  
group. The bromination o f n itro  alkanes does not appear 
to have been stud ied.
EXPERIMENTAL
Materia ls
Chlorine was used as supplied by B r it is h  Oxygen Company, 
Bromine (Hopkin and W illiams) was pu rified  by trap to 
trap d is t i l la t io n  before being stored in a large storage 
bulb.
1 2 4
Solvents were used as supplied by the manufacturers.
1 -n itrobutane was prepared by the action o f dry s i lv e r59n i t r i t e  on dry 1-bromobutane as described in Vogel.
1 -n itrobu tane:
n.m .r. i  = 0.8 ( t r ip le t ,  J = 14Hz, 3H, C^ ^CHgCHgCHgNOg)
& =1 . 2  (sex te t, J = 38Hz, 2H, CHgCHgCHgCHgNOg)
S = 1.8 (pentet, J = 38Hz, 2H, CHgCHgCHgCHgNOg)
S = 4.2 ( t r ip le t ,  J = 18Hz, 2 H, CH^ CHgCHgCHgNOg)
APPARATUS AND PROCEDURE
Gas Phase Reactions: Gas phase experiments were carried out
on the same s ta t ic  system as described in Part One. The 
products were co llected by the same method described in  Part 
Three.
Liquid Phase Reactions: A ll reactions in the l iq u id  phase
were carried out in  the same way as described in  Part One.
ANALYSIS OF THE PRODUCTS
The products o f a l l  the reactions were analysed by gas l iq u id  
chromatography. The same system was used as described in 
Part One. Only one type o f column was used; a 6 ' glass 
column packed w ith 8 % 'Apiezon' L on 80/100 mesh 'Chromasorb'.
As on ly three isomers were formed in  any appreciable quantity  
by ch lo r ina ting  1 -n itrobutane in  the l iq u id  phase, these were 
separated by preparative g . l . c .  and id e n tif ie d  by n.m .r.
2 -ch lo ro - 1 -n i trobutane
n.m .r. 8  = 1.1 ( t r ip le t ,  J = 16Hz, 3H, CH3 CH2 CH(C1 jCHgNO )^
5 = 1.8 (complex, 2H, CH3 CH2 CH(C1 )CH2 N0 2 )
6 = 4 .4 -4 . 6  (complex, 3H, ^ 3 ^ 2 8 8 ( 0 1  jC^NOg)
1 2 5  ' " 1
3 -c h lo ro - l- n i trobutane
n.m.r. G = 1.5 (doub let, J = 7Hz, 3H, C^ j^ClKCljCHgCHgNOg)
& = 2 .0 -2 . 6  (complex, 2H, CH3 CH(Cl)CHgCH2 N0 2 ) |
G = 3.9-4.3 (complex, IH, CHgCH;Cl)CH2 CH2 N0 2 )
& = 4.5 ( t r ip le t ,  0 = 14Hz, 2H, 0 8 3 ^ ( 0 1  )CH2 ÇH2 N0 2 )
4-ch1oro-1-n itrobutane |
n.m.r. & = 1.6-2.3 (complex, 4H, CICH2 CH2 CH2 CH2 NO2 )
5 = 3.6 ( t r ip le t ,  J = llH z , 2H, ClCHgCHgCHgCHgNOg)
6  = 4.4 ( t r ip le t ,  J = 12Hz, 2H, ClCHgCHgCHgCHgNOg)
Preparation o f 1 -ch lo ro -l-n itrobu tane
The sodium s a lt  o f 1-n itrobutane was prepared by the reaction 
o f an ethano lic so lu tion o f sodium ethoxide with an excess o f 
1-nitrobutane. Ch lorine was then ra p id ly  bubbled in to  the 
mixture fo r about 30sec. The mixture was shaken and analysed 
by g . l . c . ,  and the existence o f a new product was estab lished. 
The reaction mixture was f i l te r e d  and the product was separated 
by preparative g . l . c  and id e n tif ie d  by n.m .r.
CHgCHgCHgCHgNOg + NaOEt —» CHgCHgCHgCH NOgNa* + EtOH
CHgCHgCHgCH NO^ Na  ^ ^^2 . CHgCHgCHgCHfCljNOg + NaCl
1 -ch lo ro - 1 -n i trobutane
n.m.r. G = 0.9 ( t r ip le t ,  0  = 14Hz, 3H, CWU,CH2 CH2 CH(C1 )N0 2 )
G = 1 . 2 - 1 . 6  (complex, 2 H, 0 8 3 ^ 2 0 8 3 ^ ( 0 1 ) 1 1 0 2 )
G = 2 . 1 - 2 .4 (complex, 28, 0 8 3 0 8 2 0 8 2 0 8 ( 0 1 ) 8 0 2 )
6  = 5.9 ( t r ip le t ,  J = 148z, 18, 0 8 3 0 8 2 0 8 3 0 8 ( 0 1 ) 8 0 2 )
Thus the e lu t ion  order was estab lished to be in the o rder:- 
1 -ch lo ro -l-n itrobu tane , 2 -ch lo ro -l-n itrobu tane 3-ch lo ro -l-n itrobu tane 
and 4 -c h lo ro - l-n i trobutane.
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Preparation o f l-brom o-l-n itrobutane
The sodium s a lt  o f 1-n itrobutane was prepared by reacting an 
ethano lic so lu tion o f sodium ethoxide with an excess of 
1-nitrobutane. A small quantity  o f bromine was added and the 
mixture shaken fo r about 30sec. and then f i l te re d .
1 -bromo-l- n i trobutane was iso la ted  by preparative g . l . c .  
using an 8% 'Apiezon L' column on 80/100 mesh 'Chromasorb' 
at 170°c and then id e n tif ie d  by n.m .r.
CH3 CH2 CH2 CH2 NO2  + NaOEt ---------- V CHjCHgCHgCR NOgNa* + EtOH
Brg
CHjCHgCHgCH NOgNa — -------------- > CHgCHgCHgCHtBrjNOg + NaBr
1 -bromo-1 -n i trobutane
n.m.r. S = 1.0 ( t r ip le t ,  J = 14Hz, 3H, CW^ ^H2 CH2 CH(Br)N0 2 )
£ =  1.4-1.7 (m u lt ip le t, 2H, CH3 ^ C H 2 CH(Br)N0 2 )
S= 2 .2 -2 . 6  (m u lt ip le t, 2H, CH3 CH2 ÇH2 CH(Br)N0 2 )
&= 5.0 ( t r ip le t ,  J = 15Hz, IH, CHgCHgCHgCH^BrjNOg)
The pos ition o f the 1-bromo product in a chromatogram was then 
estab lished. The re s t o f the products were assumed to  e lu te in  
the o rder:-
2-bromo, 3-bromo, and 4-brom o-l-n itrobutane. This is  the e lu tion  
order tha t has been consis ten t ly  found fo r the brom ination 
products o f other 1 -substitu ted  butanes^^ and consequently
i t  seems safe to make the assumption here.
R E S U L T S
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Gas phase ch lo r ina tion  o f 1-nitrobutane over a temperature range 
Column: 6 ‘ S% ‘Apiezon'L on 80/100 mesh 'Chromasorb' at 150^c
Temperature: 78°c
CH3 — CHg — CHg — CHg - NOg
% D is tr ib u tio n : 26.54
29.57
27.59
73.46
70.43
72.41
- *"
Mean: 27.90(41.54) 72.10(41.54)
RSp 1 . 0 0 3.89(40.29)
Temperature: 100°c
CH3  - CHg -  CHg CHg - NO.
% D is tr ib u tio n : 28.82 71.18 —
30.38 69.62 — ”
29.60(41.10) 70.40(41.10)
RSp 1 . 0 0 3.57(40.18)
Temperature: 150°c
CH3 CHg — CHg CHg - NO,
% D is tr ib u tio n : 29.37 70.63 —
29.38 70.61 —
29.44 70.56 —
29.40(40.04) 70.60(40.04) - —
RSp 1 . 0 0 3.60(40.01)
J
T e m p e ra tu re : 175 c
2 8
CH3 - CHg — CHg — CHg- NOg
% D is tr ibu tion : 29.73 70.27
30.79 69.21 •—
30.58 69.42
30.37(+0.56) 69.63(4-0.56) -
RS^ 1 . 0 0 3.42(4-0.13)
Temperature: 2 0 0 °c
CH3 - CH, -- CH, -- CHg - NOg
% D is tr ibu tion : 35.34 64.66
34.77 65.23
34.09 65.91 —
35.40 64.60
34.90(4-0.61 ) 65.10(4-0.61 ) - —
RS^ 1 . 0 0 2.80(4-0.08)
RS^  Values fo r  the gas phase ch lor ination o f 1-nitrobutane
Temperature Re lative S e le c t iv i t ie s
°c CH3 - CHg — CH2  — CHgNOg
78 1 . 0 0 3.89 0.00 0 . 0 0
1 0 0 1 . 0 0 3.57 0.00 0 . 0 0
150 1 . 0 0 3.60 0.00 0 . 0 0
175 1 . 0 0 3.42 0.00 0 . 0 0
2 0 0 1 . 0 0 2.80 0 . 0 0 0 . 0 0
2 9
Tabulating these resu lts  to give Arrhenius parameters
P lo tt ing  In ( 3/k^) vs 1/T g ives;-
- E3  = 634 (+257) cal moT^
In (A3 ) = 0.049(+0.319)
( ^ )
L iquid phase ch lo r ination of 1-nitrobutane at room temperature
Solvent: Carbon Tetrachlor ide
(SOLVENT) = 6.60 
(SUBSTRATE)
% D is tr ibu tion :
CH3  - CHg - CHg - CHgNO,
35.98 55.64 8.38 t r
36.34 55.61 8.05 t r
36.79 54.84 8.36 t r
34.31 55.94 9.75 t r
36.21 53.95 9.84 t r
35.93(+0.95) 55.20(+0.81) 8.88(40.85) t r
1 . 0 0 2.31(+0.09) 0.37(+0.04) 0 . 0 1 *RS:
(* th is  f igure  was derived by in jec t ing  a large quant ity o f the 
reaction mixture in to  a g . l . c .  machine and picking up the isomer 
on the highest s e n s i t iv i ty ) .
ic r /T 1 n( S/k^) ii
2.85 0.95 j
2 . 6 8 0.87
2.36 0 . 8 8 •;?
1
2.23 0.82 i:
2 . 1 1 0.63
30
Solvent: Benzene
(SOLVENT) = 7.20 
(SUBSTRATE)
% D istr ibu tion
CH3  - CHg - CHg CHgNOg
22.32 71.56 6 . 1 2 —
22.32 70.86 6.82 - -
21.29 72.12 6.59 —
2 2 . 0 0 71.52 6.48 —
23.08 70.46 6.46 —
22.20(40.65) 71.30(40.65) 6.50(40.25)
RSp 1.00 4.82{+0.18) 0.44(+0.02) 0.00
The gas phase bromination o f 1-nitrobutane
Column: 6 ‘ 8 % 'Apiezon L ‘ on 80/100 mesh 'Chromasorb' at 180^c
Temperature = 170°c
CH3  - CHz - CHg CHgNOg
% D is tr ibu tion : 2.38 95.13 t r 2.49
2.14 95.95 t r 1.91
1.64 92.57 t r 5.79
2.08 95.27 t r 2.65
Mean : 2.06(40.31) 94.73(41.48) t r 3.21(41
RS= 1 70(410) - - 2 t^U
I 3
DISCUSSION
The resu lts  fo r  the gas phase ch lor ination o f 1-nitrobutane show 
that on ly the 3-chloro and 4-chloro isomers are formed. 
Consequently, the results obtained over a temperature range 
only allow the d ifference in ac tiva tion  energy fo r  hydrogen 
abstraction fo r  positions 3 and 4 to be ca lculated. Figure 
13 shows the p lo t of in (^3/k^)vs lO^yy
- Eg = 634 (+257) cal mol 
= 0.049(40.319)
-1
In ( ^ )  
(A4)
Although the results show considerable e rro r, they are qu ite 
reasonable considering the small d ifferences in activa tion  
energy and the technique used. By assuming that position 3 
behaves in the same way as the secondary position in n-butane, 
the absolute Arrhenius parameters can be determined using 
the values o f Knox and Nelson.^^
CH. CH, CH, CH,
E logA 
0.8 13.2 
0.9 13.2
E logA 
0.3 13.3 
0.3 13.3
-H
-NO,
Table 24 compares the results fo r  the gas phase ch lor ination o f 
1-nitrobutane with other 1-substituted butanes at 50°c.
Table 24 Relative s e le c t iv i t ie s  RS^j fo r  the gas phase
ch lo r ina t ion o f 1 -substituted butanes at 50°c
CHg - CHg ”  ^ " 2
RS^
-  CHg - X Ref.
1 . 0 0 3.6 3.6 1 . 0 H 36
1 . 0 0 3.8 0 0 -N 0 % This work
1 . 0 0 4.3 1 . 2 0.04 -CFs 43
1 . 0 0 3.9 1.7 0 . 2 -CN 44
1 . 0 0 3.9 2 . 1 0 . 2 -COCl 45
1 . 0 0 4.1 2 . 2 0 . 8 -C l This work
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CH3 .-  CHg - CH2 — C« 2  - X Ref.
1.00 3.7 1.7 0.9 -  F 36
1.00 4.4 0.7 3.5 -  0 CH3 62
1.00 5.3 2.7 2 .9 — CMe^ 63
1.00 3.6 1.1 4.4 - CH=CH^ 64
1.00 1.0 6.5 65
The resu lts show that o f a l l  the substituents studied so fa r  the 
n i t ro  group is  by fa r  the most deactivating. The inductive e ffec t 
is so strong that no attack could be detected at pos itions 1 and
2. The s e le c t iv i ty  at position 3 is well in l ine  with other 
resu l ts . I t  adds more weight to Tedder's theory tha t the 
inductive e ffe c t is  not f e l t  beyond t h e p o s i t i o n  in gas phase 
halogénation o f 1-substitu ted butanes.
Table 25 shows the results  o f the l iq u id  phase ch lo r ination of 
1-nitrobutane.
Table 25 Relative s e le c t iv i t ie s  fo r  the l iq u id  phase 
ch lo r ination o f 1-nitrobutane
SOLVENT (SOLVENT) Rs:
(SUBSTRATE) CH3 CHg
y-
CH2 CHgNOg
CARBON
TETRACHLORIDE
6.60 1.00 2.31 0.37 0.01
BENZENE 7.20 1.00 4.82 0.44 0.00
These resu lts are cons istent with the resu lts fo r  the l iq u id  
phase ch lo r ination of other 1-substituted butanes (Tables 14 and 
15 Part Two). The reaction in 'non-complexing' media is  much less 
select ive than in the gas phase as would be expected (see Part Two), 
Attack at pos itions 1 and 2 can be detected mainly because larger 
amounts o f reaction product were avai lable fo r  g . l . c .  analys is.
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When the ch lo r ination is  carried out in 'complexing' medium the 
reaction is  more se lec t ive , with much more attack at position 3 
Again, th is  is  consistent with the resu lts  fo r  l iq u id  phase 
ch lo r ination o f other 1 -substitu ted butanes in complexing 
solvents (Table 15 and 16, Part Two).
Table 26 compares the re su lt  fo r  gas phase bromination o f 
1 -nitrobutane with those fo r  other 1 -substituted butanes.
Table 26 Relative se lec t i  v i t ie s  fo r  the bromi nation o f 
1-substituted butanes at 170°c in the gas phase
Because of the endothermie nature o f the reaction the degree 
o f bond breaking in the tra n s it io n  state in bromination is  much 
greater than in ch lo r ina t ion . Bromination involves a la te  
t ra ns i t ion  state i .e .  the new radica l is  almost completely 
formed, and so resonance s ta b i l iz a t io n  of the inc ip ie n t 
radica l is  much more important than in ch lo r ination. Table 
26 shows that in nearly a l l  cases the expos it ion is  activated to 
attack by the bromine atom. The exception is  when the 
substituent is  -CFg and in th is  case no resonance s ta b i l is a t io n  
o f the oc radica l is possible anyway. The attack at theoC pos it ion 
in 1-nitrobutane, a lb e i t  sma ll, is  noticeab le. The resonance 
stab i l ized (X radica l may be dep icted:-
0*
0 " ' ^0
• jL
C3H7 CH - N^+ 4------> CgH^H = n
CH3 -  CH3 CH2 CH2 X Reference i
1
1 80 80 1 H 36
1 70 0 2 NO2 This work
1 80 7 1 43 ?
1 80 8 2 0 CN 44
1 90 7 9 F 36,43
1 80 32 34 Cl 36 1
1 80 30 30 COCl 45
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Table 26 also shows tha t in a l l  cases the (3 pos it ion is 
deactivated to attack by the bromine atom. As with 
ch lo r ina t ion , the n i t ro  group seems to be the most 
deactivating substituent investigated so fa r .  The 
activa tion  expected at the c< position because o f resonance 
s ta b i l is a t io n  is  considerably o f fse t by the very strong 
polar inductive e f fe c t .  Attack at th e ^  pos it ion , which 
is governed so le ly by the polar inductive e f fe c t ,  cannot 
be detected in the bromination o f 1-nitrobutane. This is 
in exce l lent agreement w ith the ch lo r ination resu lts  where 
attack at theÇ» pos it ion is  also non ex istent in the gas 
phase.
Table 26 shows that the s e le c t iv i t ie s  at the X positions 
in the 1 -substitu ted butanes studied are very s im i la r .
The attack at pos it ion 3 in 1-nitrobutane is in reasonable 
agreement w ith the other bromination resu l ts . This is  again 
consistent with Tedder's theory tha t the substituent has 
no e ffec t beyond theÇ> position in gas phase halogénation of 
1 -substitu ted butanes.
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